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ABSTRACT
This study examines the electronic spectra 
and the photoreactivity of closely associated pairs 
of identical anthracene derivative molecules embedded 
in a variety of host materials.
The determination of the relative geometries 
of the molecules which constitute the pairs, is 
made by means of an analysis of pair spectra, using 
vibronic coupling theory.
Two distinct types of molecular pairs occur in 
photodimer matrices under certain conditions of 
formation. The two types designated type A and type 
B, possess characteristic absorption and fluorescence 
spectra. The intermolecular coupling within a type 
A pair is greater than that of a type B pair. This 
fact is reflected in their respective absorption 
spectra, and in the greater facility of photodimeri- 
sation observed for the former pairs relative to the 
latter.
The vibronic coupling which occurs between the 
constituent molecules of pairs embedded in their re­
spective photodimer matrices has been found to be 
significantly larger than that observed for pairs 
embedded in solid solutions or monomer crystals.
The quantum yield of photodimerisation of several 
dimer embedded pairs (9 methyl-, 9 chloro-, 9 cyano-) 
has been found to be unity in the temperature range 
4.2 K-300 K. The powerful constraints which are
(V)
placed upon the molecular pairs by the dimer matrix, 
have been shown by spectral analysis to be the most 
important factors controlling the reaction rate.
It is concluded that the configuration of the above 
type A pairs is very nearly the eclipsed sandwich ge- 
ometry(i.e. the molecules of the pair are related by 
a mirror symmetry element and the planes of the aromatic 
skeletons are. parallel to the mirror symmetry plane). 
This observation leads to the conclusion that an 
anthracene excimer with an eclipsed sandwich geometry 
is unstable, and will immediately collapse into the 
dianthracene product. It follows that anthracene 
excimer fluorescence does not arise from an eclipsed 
sandwich pair.
Those pairs whose spectra are characteristic of 
weak vibronic coupling ( i .e . type B pairs and monomer 
crystal embedded pairs) exhibit an Arrhenius type 
temperature dependent quantum yield of photodimer- 
isation. The activation energies of the dimerisation 
process for each of the derivatives has been deter­
mined experimentally. The presence of the activation 
barrier is directly attributable to the existence 
of the non-eclipsed sandwich geometry of the pairs 
prior to excitation.
The spectra of derivative pairs embedded in 
monomer crystals or in solid solutions are indicative 
of a geometry which is further removed from the e- 
clipsed sandwich geometry than the dimer embedded 
pairs. The lower symmetry of the former pair types
(Vi)
is expressed by their absorption and fluorescence 
spectra, and also by their propensity for photo­
reaction which is generally diminished in comparison 
to the type A pairs.
(vii)
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CHAPTER 1 
INTRODUCTION
The examination of crystalline aromatic hydro­
carbons has been instrumental for many years in in­
creasing contemporary knowledge of molecular inter­
actions. The specific orientations and fixed inter- 
molecular distances which are inherent properties 
of crystals permit analytically precise treatments 
which are not hampered by the necessity of averaging 
the molecular orientations required for solution or 
gas phase experimental analysis.
Since 1948, when Davydov'*' first published his 
classic paper on excitonic interactions, and Craig 
and Hobbins2 '2a' later applied these theories to 
anthracene crystals, much research has been directed 
towards gathering and analysing data for the prob­
lem of interaction of anthracene pairs. For summaries 
of the present state of basic molecular exciton
theories the reader is referred to excellent accounts
3 4by Davydov and Craig and Walmsley .
In the same year in which Craig and Hobbins
published their work on anthracene, Forster and 
5Kasper reported the observation of a broad structure­
less emission from pyrene and ascribed it to an ex­
cited molecular pair. Five years later Stevens and 
Hutton^ coined the term 'excimer1 which is now 
commonly used to describe such excited dimers.
2Excimers were initially proposed by Forster ' 
to be the result of excitonic interaction between
two closely associated molecules. It was also sug-
9 10gested by Ferguson and later by Hochstrasser
that excimers may arise from a low energy charge 
resonance state of the dimer. However, calculations 
using either of the theories were incapable of ob­
taining reasonable agreement with experiment. Recon­
ciliation of these differing interpretations was 
effected by invoking the presence of both charge
resonance and excitonic interaction states in ex-
11 12 13 14cimer formation. Azumi and McGlynn ' ' Konijnberg
and Murrell and T a n a k a ^  developed theories by three 
distinct approaches which invoked the presence of 
both states and gave reasonable agreement with ex­
periment if intermolecular distances were chosen 
carefully.
In order to obtain more information concerning
purely intra-pair interaction effects, it became
desirable to remove the perturbing influence of the
surrounding monomer crystal on the pair. To this
end an elegant method was developed by Chandross,
16 17 18Ferguson and McRae ' ' , in which isolated dimers,
which were reasonably well characterised geometrically 
were produced, either, by the photolysis of dian­
thracenes embedded in a frozen hydrocarbon matrix, 
or by the controlled softening of a solid solution 
of monomer anthracenes in hydrocarbon solvents.
3Employing the same techniques, Ferguson, Mau 
19 2 0and Morris ' have, more recently, examined the
spectra of anthracene and some of its derivatives as
both 'sandwich' and 'stable' dimers. Using the vi-
21 22 23bronic coupling models of Fulton and Gouterman ' '
they analyzed the spectra of both identical and mixed
(eg. anthracene +9 methylanthracene) pairs and con­
cluded that the dimer properties were interpretable 
in terms of weak intermolecular coupling.
Unfortunately the use of solid solutions of 
organic hydrocarbons as constraining matrices has 
several disadvantages, which will be discussed in 
section 3.7. In order to avoid the drawbacks inherent 
in the use of solid solutions, and at the same time 
to avoid the problems of excitation migration and
energy level modification which occur in monomer
2 4crystal environments, Ferguson and Mau generated
sandwich dimers of anthracene by brief photolytic
irradiation of dianthracene crystals. They then
examined and analysed the spectra and lifetimes of
the pairs and excimers thus formed, in addition to
conducting a kinetic analysis of the recombination
photoreaction to the dianthracene parent.
The objective of the present work has been to
further clarify the mode of photodimerisation of
anthracene and its derivatives employing the tech-
9 18 19 20 24niques of Ferguson et al ' ' ' ' , and thereby
gain insight into the interaction of pairs in
4their excited and ground states. The establishment 
of structure dependent relationships between photoreac 
tivity, excimeric interaction and spectral characteris 
tics for a variety of derivatives embedded in their 
respective dimer matrices, would assist in obtaining 
a greater general understanding of molecular aro­
matic crystals. The large body of theoretical and 
experimental data existing on molecular pairs has 
been extensively drawn upon, and applied to the anal­
ysis of the novel physical environments which were 
observed in the various dimer, and other, matrices.
5CHAPTER 2 
THEORY
2.1 THEORY OF MOLECULAR DIMERS
This chapter presents some of the theories which 
are applicable to the analysis of the interaction be­
tween two 9 substituted anthracene molecules locked 
closely in an inert matrix.
The molecular pair is considered as a crystal 
consisting of two molecules, the associated formalism
being a subset of the general theory for a crystal
3 4containing N molecules. ' The discussion is not in­
tended to be comprehensive, but to create a basis for 
the understanding of the mechanics of the specific 
interaction which is under examination. For complete
accounts of the formalism the reader is referred to
2 2 ^  2 Id 2 5works by: Craig and Hobbins ' ' ; McRae ; Azumi,
1 1 1 2 1 3  2 6Armstrong and McGlynn ' ' ; Morris and Fulton„  ^ 21,22and Gouterman
2.2 THE DIMER
We begin by considering a molecular dimer com­
posed of two molecules A and B. We shall assume 
that no orbital overlap occurs between the molecules.
Let V . represent the complete wave
function of the pair
E^ be the energy of the dimer
Ha be the Hamiltonian of isolated molecule A
6Then molecule A may be represented by equation 2.1.
H X 1 a a e Va a 2 .1
where x is the wave function of the monomer in its a
i excited state and E is the energy of the monomer
in its i state.
If V , is the electrostatic interaction be- ab
tween molecule A and molecule B then;
Z ^  ZZ^Z
V h -S, -*-3. - Zab f , g r _ f , d r - Z g , c r + Z c , d r
2.2
where f and c label the nuclei and electrons of 
molecule A respectively
g and d label the nuclei and electrons of 
molecule B respectively
Z f denotes the effective nuclear charges on 
atom f .
Equation 2.3 may then be used to describe the dimer
2 . 3(H + H + V ,) y. a b ab l E . Y .l l
The wave function of the dimer ground state may be
represented by the product of the monomer ground
state functions;
o o 
V ° =  Xa Xb
From first order perturbation theory the energy 
of the ground state is then given by equation 2.5;
E gs a
o . o
2.4
o oE + E, + V  b o o , oo
where V00,00
>  u  v  I T »  I 0  0
<XaXblV ab'XaXb
2.5
2.6
It will be unnecessary to employ the generali- 
2sation used by Craig for the generation of crystal 
excited state wave functions which arise from N 
molecular wave functions. We may regard the total
7wave function as being composed simply of the wave 
functions of the molecules of the pair. Rather than 
N degenerate wave functions, only two functions are
required to describe the excited state,
i o o i1 . e . x Xi^nd x Xu a b  a b
The coefficients for the full dimer wave function may
be obtained by solving the secular equation 2.7.
i oi o 
<XaXb Ha + H, + v , b ab
i o
xaxb> ‘■E
o i 
<xaxb Vat
i o 
<xaxb Vab
o i 
xaxb>
o i 
<XaXb Ha + H +Vb ab
x a xb >
o i
xaxb >
= 0
2 .7
Equation 2.7 may be rewritten using previous notation.
V.E * 1 + E° + V. _._ ~ Ea b 1010 0110
1001 E° + E^ + V_,_. - Ea b 0101
2 .8
2.2.a SPECIALIZED WAVE FUNCTION SOLUTIONS
We may now distinguish two special solutions 
of equation 2.8 which are of importance to this in­
vestigation .
(i) Sandwich Dimer
If the two identical molecules adopt a perfect 
sandwich configuration, they will be interchangeable 
by re flection
then for all i
ioio oioi
iooi oiio
i
a = Eb 
: ■ Eb
2 .9
} 2 . 10
8The excited state wave functions obtained using
2.9 and 2.10 in the solution of equation 2.8 will be
u, ± o-i5/ i 0 0 i .
Y i = 2 (xa Xb± x a xb>
and the energy of the excited state will be given
by eq u a t i o n  2.12
E ± = E° + E'*' + V + Vi a b 1010 " 1001
(ii) Non Symmetric Dimer
If the molecules do not adopt a sandwich c o n f i g ­
uration, and some r o t ation and/or translation occurs 
be twe en the two molecules, then no assumptions may 
be made conc erning the equality of V terms
then let AV V - V0101 1010
and s u b s t ituting in e q u ation 2.8
-EE 1 + E° + V . _.. a b 1010 0110
100 1
using the simplifying equalities
B
E° + e N  V , n i f +AV-E a b 1010
E i + E° + V a b 1010 }
:E - B
S u bs ti tu ting equation 2.15 into 2.14 we obtain
-E
V 1001
0110 
AV- E
Soluti on of equation 2.16 yields 
£l = AV 1 ' (AV)2 + 4 V 2
By using the e i g e n v a l u e s  so obtained to solve the 
dimer ma trix equation, we may find the eigenvectors  
which re present the m i x i n g  coef ficients of the total
. 11
. 12
. 13
.14
. 15
2.16
2 . 17
9dimer wave function.
ie. the eigenvectors are
E+ = sin <^5 and E _ = cos ^6
cos ^6 -sin 2.18
where sin§= -7-77A V .
We may now construct the total dimer functions 
Y*  = (c o s *26) + (sin ^<5) X°X^
h  = X*X° - (cos H5) x°x£ 2 .1
The possibility of the occurrence of a non 
symmetric dimer is feasible, but its appearance seems 
unlikely, unless important steric factors are present.
In general the permanent dipole moments of all the 
derivatives and in particular the cyano and chloro 
compounds(see Table 1) will undoubtedly favour the 
adoption of a symmetric head to tail structure. (Figure 1)
9 substituent 
Cl 
Br 
Br 
-CN
- C H 3
Azulene
Dipole moment
1 . 36
1.31
1 .5
4.13
★~ . 3
1.08 
Table 1
Reference
47
47 
38
48 
48
115
Dipole moments of various 9 substituted anthracenes 
and azulene. The asterisk denotes values calculated 
by comparison with other aromatics for which data 
are readily available.
10
Y
FIGURE 1
Eclipsed Sandwich Dimer of Two Substituted Anthracenes
The methyl and phenyl derivatives possess small 
dipole moments. It is therefore expected that these 
compounds, in particular the bulky phenyl derivative, 
will most likely show a deviation from the sandwich
configuration.
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2.3 INTER DIMER STATE COUPLING 
2.3.a DIMER SYMMETRY
The symmetry properties of the dimer pair will 
directly determine the configuration interaction of 
the low order dimer wavefunctions to form higher 
order wavefunctions. Mixing of the low order 
dimer wave functions may occur when these wavefunc- 
tions belong to the same representation of the pair 
point group. Thus before any interpretation of the 
pair spectra is attempted a knowledge of the sym­
metry properties of the plausible dimer configura­
tions is necessary. The geometries of several of 
the most feasible configurations are shown in 
Figure 2. For the C point group the molecules 
differ by a pure translation along the X-molecular
faxes, whilst the C group is the result of the in­
clusion of substituents at the nine positions on
different molecules in a D „, sandwich dimer. The2 h
two groups differ in the direction of their prin­
cipal axis in relation to the molecular axes.
The inclusion of the C group is prompted 
by the possibility that the substituent may perturb 
the 7T orbital wave functions sufficiently to make 
them assymmetric with respect to the X axes as 
might be expected from a comparison of different
carbon atom electron densities at the nine and ten 
2 7positions. Reference to Table 2 shows that no
states may mix for the configuration, therefore
1 2
R
FIGURE 2
The point groups of several feasible dimer configura­
tions. R = H -> D R  = C1 , CN , CHn etc. >C'2 h 3 2 h
13
if our assumption of assymmetry has any validity, 
calculated interactions will not be greatly in error 
due to dimer state configuration interaction. Having 
anticipated this possibility and noted that it 
is unlikely to be problematical, we will concen­
trate on the properties of the other point groups.
By employing the models shown in Figure 2 and 
using the basis functions shown in Equation 2.20, 
we may determine the irreducible representations 
of the dimer wave functions derived from the relevant 
anthracene monomer states. These representations 
may then be used to generate the appropriate linear 
combination of basis functions for the complete 
dime r .
The anthracene monomer states are the short axis 
Y polarised transition and the long axis X
polarised B^u transition. The polarisation of the 
dimer states is shown in Table 2 in addition to 
the other symmetry properties.
Examination of the symmetries of the dimer 
states makes it possible to determine which states 
are formally permitted to mix for each geometry.
14
TABLE 2
Symmetries of Dimer States for Various Dimer Geome trie s
Derived from B _ monomer2u state
Dimer point Dimer rep- Polari- Dimer function
group resentation s a tion
°2h B 2 u y 4> + *2
B 3g - *2
D2 B2 y + *2
B 3 X - *2
C 2h Au y ♦i + *2
Bg * * 2
S h 1 Bu y + *2
Ag - *2
C 1 A x, y
Derived from B _ monomer3u state
°2h B 3 u X * i +
B2g *i - *2
D2 8 3 y * i + *2
B 2 X - *2
C 2h Bu X * i + *2
Ag *1 - *2
S h 1 Au X +
Bg - *2
c i A x , y
15
At this point it is interesting to reite-
13rate an observation made by Azumi and McGlynn.
Charge resonance states of the dimer, which have not 
been considered here, all possess identical symmetry 
properties to the dimer states derived from monomer 
B2u states, for all point groups examined. Thus 
these two states may mix, and as a result the for­
mation of excimers which requires both excitonic 
and charge transfer contributions will be possible 
in any of the dimer configurations under examination.
By examination of the symmetries of 
the dimer states for each configuration, we may 
determine for which states mixing will be formally 
allowed, and for which higher order dimer states 
will occur.
(i) D_, - no interaction may occur2 h
between dimer states of
different symmetry
(ii) - the B _ monomer derived2 2 u
B will mix with the B_2 3u
monomer derived B^ state,
the B . monomer derived B_2u 3
state will mix with the B_3u
monomer derived B state.
(iii) C 0, and C_, ' - no interaction2h 2h
may occur between dimer
states of different sym­
metry .
16
(iv) C - all dimer state wavefunctions 
may mix to form higher order 
functions in this point 
group.
2.3 . b SIGNIFICANCE OF SYMMETRY CONFIGURATION INTERACTION
For those geometries where it was found that 
symmetry permitted mixing of dimer states, the ex­
tent of the configuration interaction is determined 
by matrix Equation 2.21.
E(Rk) = I H i .(Rk)I
where Rk is the dimer representation
and H i j (Rk) = < ^ ( R k )  | H |  ^± _. (Rk) >
= E . 5. . + JT . . + K . l 13 13 13
4*^  (Rk) is the total wavefunction for the i
2.21
2 . 2 2
th
excited state.
i and j label the energy levels of the excited 
states.
= h (n, v + n3 10,03 V1 01,30
Ki j = (V10,20 + n in j V )01 ,20'
ni = 1 if 4'i (Rk) is + state
n i = -1 if T.(Rk) is - state
Thus there exists a Hamiltonian matrix for each 
representation with a transition dipole moment opera­
tor. The eigen values of the matrix will determine 
the energy levels of the configurationally inter­
acted wave functions. The corresponding eigen-
2.23
2.24
vectors of the matrix, will determine the coefficients
17
of mixing of the dimer wave functions to form higher 
order configuration interaction functions. The 
diagonal terms of equation 2.22 will determine 
the values of the low order dimer state splitting 
and dispersion whilst the off diagonal terms will 
determine the mixing of two different excited dimer 
states.
A full discussion of the evaluation of the terms
of equation 2.22 is extremely long and would serve
no purpose here. For more explicit accounts the
2 6 8 2reader is referred to: Morris ; Craig ; Hobbins ;
Craig^a ; Craig and Thirunamachandran^ and Hirsch-
3 8felder, Curtiss and Bird.
There are some points which bear a qualitative
discussion. In evaluating the off diagonal terms
2 6of the anthracene coupling matrix Morris neglects 
the K integrals, which represent the interaction
of a transition quadrupole with the static dipole.
— S 3 8(t dependence on interplanar seperation ).
The most obvious difference between anthracene and
the substituted anthracenes is the existence of a
permanent dipole moment for the latter. For the
substituted anthracenes the K terms will be a dipole-
- 4quadrupole i n t e r a c t i o n d e p e n d e n c e )  and will there­
fore, be of greater significance in the production 
of interstate coupling. Indeed, any terms in the 
matrix which include a dependence on the permanent
18
moments of the molecule will be of greater magni­
tude for the derivatives compared to the present 
compound. Set against the increased significance 
of the interaction integrals resulting from the 
presence of the dipoles, will be the increased forces 
for the promotion of a perfect head to tail con­
figuration caused by mutual dipolar attraction.
The promotion of the sandwich configuration will 
then place the dimer in a point group geometry where 
inter dimer state mixing is formally forbidden by 
symmetry, as was shown in the previous section.
Thus it appears that the neglect of the K integrals 
remains valid for the derivatives, as well as an­
thracene, however the introduction of errors is 
only prevented by the fortuitous occurrence of two 
counteracting effects.
At best it will be necessary to exercise 
caution in our approach to the interpretation 
of spectra of suspected low symmetry dimers. The 
possibility should not be excluded, that bands may 
be shifted and inter-dimer state coupling may 
occur as a consequence of the appearance in the 
secular equation of significant diagonal and off 
diagonal terms which are a result of short inter- 
planar distances and the presence of permanent
dipole moments.
19
2.4 VIBRQNIC COUPL I N G
Vibronic coupling analyses involve the i n c o r ­
p o r at io n of the effect of the vibrations of the 
mol ec ul es into the formalism along with the e l e c ­
tronic wave functions. The pr o b l e m  may be roughly 
di vi de d into three areas.
2 . 4 . a WEAK COUPLING
the spectral ban d w i d t h  (A).
V . < < Al
In this limit the time taken for the molecule 
to execute several vibr at ions is significantly  
less than the time for transfer of electronic e x ­
cit ati on between the c o m p onent molecules. Thus in­
dividual vibrational bands will split as though they 
are electronic levels and the splitting will be 
p r o p o r t i o n a l  to the intensity of each band.
The isolated molecule wave function is c o n ­
sidered as a product of an electronic and a v i b r a ­
tional part.
The i n termolecular coupling V io,oi is less than
i . e . 2.25
where o is the v i b r ational wave function
p denotes the p th excited v i b r a tional level
i denotes the ith electronic excited state
The dimer states are formed as p reviously
2 . 26
The c o n f i g u r a t i o n a l l y  interacted states may then be
20
found from the dimer states in a manner analogous
to that of section 2.3 according to the equation
for the re p r e s e n t a t i o n  Rk
$. (Rk) = E C . . (Rk) Y . (Rk) 2i „ !/]q iq
The H a m i l t o n i a n  matrix which is now solved to o b ­
tain the energy levels and c oefficients C. . isi »iq
given in Equation 2.28.
H. = E . 6' . . + J. . + K .ip/iq ip ip/iq ip#iq ip-jq
where E . = E . + phu) .ip l l
= frequency of vibration mode 
t hin the i electronic state
and for example
jq ip
J. . = *5 (n .V. . £ip£^q + n .V . . £ £b )ip , 3 q 3 10,03 a b  1 01,30 a
ip
ip
< o a ip >
£ is the F r a n c k - C o n d o n  overlap factor for d
groundstate to p tJl v i b r a tional state t r a n ­
sition.
Thus the solutions in the weak coupling case are 
aff ec te d by the presence of overlap factors in both 
the energy level and transition mo ment expressions. 
The add it ion of any number of symmetric vibrational 
mode wave functions is possible in this method 
re su lt ing in the pr esence of more overlap factors 
in the solutions.
2.4 .b STRONG C O U P L I N G  A << V
In this limit the bandwidth is s i gnificantly
less than the inte r a c t i o n  element V. . . The10,01
. 27
2 . 28
2 .29
2.30
2.31
21
V((A
FIGURE 3
The limits of vibronic coupling
time taken for electronic excitation to transfer 
back and forth from one molecule to another is much 
less than the period of a vibration.(see Figure 3)
In the strong coupling limit consideration of 
the vibrational wavefunction is deferred until after 
the dimer wavefunctions have been formulated as shown
in Equation 2.32.
-*s, i o . o i l  
2 lxa xb 1 xa xb
The vibrational part is added as a separable vibra­
tional function, i.e.
- h i o  o i . , p o o p .
2 <*aXb 1 x a xb (0a°b 1 °a°b>
2.32
2.33
22
The splitting will thus be proportional to 
the sum of the vibrational band intensities, rather 
than to the intensities of the individual vibra­
tional bands.
This treatment is usually applied to the dimer
states derived from the intense monomer B _ states.3u
The bulk of the intensity of these monomer states
t his concentrated in the zero vibrational level, 
the states may therefore be considered as purely 
electronic containing no structure. The lack of 
structure is fortunate because such a treatment 
assumes vibrational wavefunction intermediate in 
character between the ground and excited states, 
and therefore indeterminate.
2.4.C INTERMEDIATE COUPLING V - A
The excitonic couplings of derivative pairs 
examined in this work display an unusual and re­
versible temperature dependence in their 380nm 
absorption systems, which will be discussed in 
Sections 3.2.b and 3.2.C. Several of the compounds 
showed a continuous variation from weak coupling 
through to strong coupling as temperature was de­
creased. These observations necessitated the use 
of an analytical approach which permitted a continu­
ous variation of the relevant coupling parameters.
For this reason the methods developed by Fulton 
21 2 2and Gouterman ' for intermediate coupling,
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but including weak and strong coupling within its 
framework were employed. Although general solutions 
to their eigenvalue equations have not been found, 
they have dealt successfully with the three limits 
mentioned in Sections 2.4.a and 2.4.b.
The treatment for intermediate coupling is 
complicated by the the fact that when A - V the 
upper component of the splitting will perturb the 
two particle state where vibrational and electronic 
excitation are simultaneously on different molecules.
The theory developed by Fulton and Gouterman 
shows that the exciton coupling, including the effect 
of a single mode vibrational function, may be rep­
resented by a 2 x 2 Hamiltonian matrix in the
nuclear coordinates. This two dimensional matrix
3 2was first presented by Witkowski and Moffitt 
using an adiabatic approximation for the vibronic 
wave functions. After developing the two dimensional 
matrix Fulton and Gouterman show that provided there 
exists a symmetry operation which interchanges the 
molecules, then the matrix Hamiltonian may be reduced 
to two one dimensional Hamiltonians, at the expense 
of the appearance of the symmetry operator in one 
of the Hamiltonians. Further assumptions then re­
duce the problem to a single dependence upon an e- 
lectronic coupling parameter(e ) and a distortion 
parameter for the vibrations (A) .
The dimer H a m i ltonian is repr esented by
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where
tt „A , „B . „AB . m ABH = H  + H + V q.Q +T n
HA = T A + T A + V ( q A ,QA ) n e
A and B denote mole cules of the dimer 
ABV (q»Q) is the potential energy 
operator of the system as a function 
of the nuclear and electronic c o o r ­
dinates Q and q r espectively 
T terms repr esent the kinetic energy
as labelled and T the kineticn
energy of the relative motion of the 
m o l e c u l e s .
P r o c eeding by the harmonic approx i m a t i o n  a set 
of nuc lear coordinates is chosen and fixed at Q.
The solutions of Equation 2.36 will then d e ­
pend only upon the electronic coor dinates of q.
{TeA + V(qA ,QoA ) + TeB + V(qB ,QoB ) +
♦ v a b (*'2>> X (q)k - w k X (q)k 
where are the eigenvalues of the equation
and v a b (q,Q ) is the interaction potential 
function for molecules A and B.
By n eglecting v a b (q»Q0  ^ wh ich is included in 
su bs eq uent treatments of nuclear kinetic energy, 
they obtain an equation of the form of 2.37 for 
each molecule, from E q u ation 2.36.
TeA + v(qA ,QQA ) xax (q) = w ixa1 (q)
2
2
2
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where the dimeric functions are then
i b
xk (q) = xax (qA )xb j (qB ) 2.38
Assuming that interstate coupling within each 
molecule is negligible, which for the specific cases 
in which we are interested is valid, the total dimer 
states are represented by Equation 2.39.
ffq.Q) = *a (Q) xA (q) + 4>b (Q ) xB (q) 2.39
where the (p (Q) are the vibrational functions a
of the mode being used in the analysis.
Normalization then requires
a?b<‘*’a* (Q> I 4>b (Q)> = 1 2.40
Applying the complete Hamiltonian to the over­
all dimer wavefunction and premultiplying by the 
appropriate complex conjugate wavefunction, integra­
tion over the electronic coordinates yields a matrix 
equation has only functions in vibrational coordi­
nates as its solution.
H_ $_ = E 2.41
which may be written as two coupled equations iden­
tical in form to those derived by Witowski and 
3 2Mof fitt.
T <f> nT a + v <t> +aa a V , <p, = E<f>ab b a
V b + vbb*b + V , <p =  E 4), ^ab a b 2.42
Vab
. i ° 
= <xa xb
1 AB 1 0 i
1 V 1 Xa xb > 2.43
Tn T A + T B n n + T AB n
2.44
$ = O 2.45
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By using the symmetry operator G, which e x ­
changes the molecules, the matrix equation 2.41, 
2.42 is expressed as two seperate equations whose 
soluti ons  render the vibrational parts of the total
v i b r o n i c a l l y  coupled wave functions.
+ , + + , +H 4) = E 4»
h " 4>“ = e ” 4>“ 2 . 46
where H + and H are the H a m i l tonians of the v i b r a ­
tional functions derived from the matrix equation 
and differ by virtue of the operator G. 4>+ and 4>
are rela ted to 4> and 4>i_ such thata b
* = <:*> - - \ £ o r 2.47
As suming the v ibratio nal force constants k, 
to be the same in both the ground and excited e l e c ­
tronic state, the ground state o s c i llator was set so 
that Q was equal to zero. The excited state o s c i l ­
lator was then repr e s e n t e d  by E q u ation 2.48.
Q 2.48
where 1 is a measure of the d i s p l a c e m e n t  in the e x ­
cited state relative to the ground state.
Finally they re-express the H amiltonians to 
include factors c o n t a i n i n g  the dis t o r t i o n  para meter 
1, and the excitonic co upling W g , Equations 2.49 
and 2.50.
X = (2M hu)3)"*5 1 2.49a
e = W (fiw)"1 2.50s
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M is the effective mass of the oscillator a
to is the frequency of the v ibrational mode 
sel ected
W = V.S 10/01
Solving the vibr a t i o n a l  and electronic functions 
c o n c u r r e n t l y  by p e r t u r b a t i o n  techniques/ they were 
able to generate vibronic line spectra c o r r e sponding 
to the weak, strong and inte rmediate regions. The 
in ten sit ies of each band were dete r m i n e d  by an e x ­
pr e s s i o n  obtained from the theory which contained 
the el ec tronic tra n s i t i o n  moments and the overlap 
factors of the v i b r a t i o n a l  functions prev iously 
d e t e r m i n e d .
The a p p l i c a t i o n  of the F u 1 t o n - G outerman model 
to the systems which we examined was thus relatively  
simple. The value of the seco ndary d istortion 
p a r am et er X, was assessed by setting the coupling 
pa r a m e t e r  e equal to zero, the monomer value 
and va ry ing the value of X (Figure 4) .
The c alculated relative intensities of the v i ­
bronic p r o g r e s s i o n  of the monomer spectrum were then 
compar ed to the i ntensities of the e xperimental  
spe ct ru m of the m o n omer embedded in the p a r t i c u l a r  matrix 
to be used. A value of X was assigned to each of 
the d er iv atives examined, when a suitable m a t ching 
of c al cu lated and e x p e r i m e n t a l  inte nsities was ob-
s e r v e d .
2 a
£  = 0
FIGURE 4
The relative intensities of the vibronic progression
2 6for monomer (e = 0) as calculated by Morris“ for a 
continuous variation in the displacement parameter X .
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The determination of a value of the coupling 
parameter was by no means as simple.
If the ground state of the dimer is assumed to 
be identical in energy to the monomer ground state, 
the total splitting between plus and minus states is 
simply twice the shift in energy of the monomer 
absorption and the plus state absorption. Unfortu­
nately both the ground state and the excited state 
are perturbed in the dimer. Crudely speaking, the 
diagonal J and K terms in the dimer Hamiltonian 
(see Section 2.3.b) will stabilise the energy levels 
of the excited state to a significantly greater ex­
tent than those of the ground state,
i . e . I V I < I V .
The increased stabilisation in the excited
2 6>state stems from the larger polarisability and 
33 34 35free valence ' ' at the 9 and 10 positions af­
fecting those diagonal terms which are dependent upon 
the permanent multipoles of the molecules. The red 
shifting of the plus state prevents the measurement 
of the value of e by simply measuring the monomer to 
dimer energy shift.
In large molecules such as anthracene the cal­
culation of ground state intermolecular energies is
2 6quite a difficult problem, as was noted by Morris.
The problem is exacerbated in the derivative systems 
studied, by the sensitivity of the intermolecular
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coupling to variations in temperature, which are ex­
pressed in the form of changes in intensity and 
energy of the progression peaks and implies that 
static interactions must also vary significantly 
with temperature.
In order to obtain an indication of the mag­
nitude of the coupling parameter of each derivative 
pair, a variety of e values were applied to each of 
the experimentally obtained values of X until a 
matching of spectra was obtained. The rather arbi­
trary nature of arriving at the appropriate coupling 
energy value may be open to criticism, however the 
model has previously had notable success in generating
absorption spectra which are in reasonable agree-
17 3 6ment with experiment. ' With reference to the
present work, the successive application of increasing 
values of £ for a given value of experimentally 
obtained X is capable of reproducing the spectral 
changes which occur when the temperature of the 
crystal is reduced. The ability of the approach 
to simulate such a series of spectra, should validate 
the method we have used to arrive at a value for e.
The major criticism which may be levelled at
the Fulton-Gouterman approach must be the neglect
2 6 3 6of anharmonicity in the vibrations. ' The in­
adequacy of this approximation becomes obvious when 
an attempt is made to match experimental and cal-
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culated monomer intensities. It is not generally
possible to fit the intensities of any but the first
three bands (see Figure 4). This deficiency was noted 
2 6by Morris, who considered an alternative method
3 7developed by Lefebvre and Sucre which introduced 
another parameter (Ak), the change in force constant 
between the ground and excited states. However he 
did not consider the introduction of an additional 
variable parameter to improve greatly on the ap­
proach of Fulton and Gouterman. Garcia-Sucre, Geny 
5 3and Lefebvre did however, develop a solution to 
the problem of vibronic interaction which was pre­
sented in the same series of papers as that mentioned 
above. This procedure employed standard Born Oppen­
heimer methods and was found to be most accurate in 
the intermediate and strong coupling regions. Several 
assumptions were made in the development of the theory 
which were similar to those made by Fulton and Gou­
terman. These assumptions were:
(i) Only one vibrational mode is active in 
the transfer of excitation
(ii) The vibrations of the ground and excited
states are harmonic and have equilibrium 
positions and Q^1 + X
(iii) The intermolecular interaction is con­
sidered to be constant.
The dimer wavefunctions used consisted of pro-
3 2
ducts of electronic and vibrational parts as shown 
in Equation 2.51.
Y1 (q,Q+ ,Q~) =C± (q,e+ , S * ) U e + )X^(Q‘ ) 2.51
where as before q represents the electronic coordinates
Q+ and Q are the in and out of phase combinations of
the nuclear coordinates Q, of molecule a and 0 ofA x b
molecule B respectively, i.e.
+ ~ - *5Q = 2 <2 a  + Qb )B )
—  —
Q = 2 <2a - Q ß ) 2.52
£ (q#Q /Q ) is a linear combination of monomer ex­
cited and ground state function products 
+ ±£ (Q ) and x (Q ) are vibrational functions in the u v
variables Q+ and Q . The function £^(Q+ ) is simply
a displaced harmonic oscillator and may be solved by
i “standard procedures. The function Xv (Q ) is more 
complicated in form, possessing only one minimum in 
the excited state, but under certain conditions pre­
senting two minima in the ground state. The latter 
function was solved by numerical integration, which 
permitted the production of Born-Oppenheimer separable 
wave functions.
The solutions of this treatment were expressed 
in terms of two parameters a and 3 which corresponded 
to X and e respectively in the notation of Fulton 
and Gouterman. No explicit calculations were made 
for the present work, however previously calculated 
spectra with appropriate values of a and 3 will be
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presented to corroborate the analysis of the experi­
mental spectra. The Born-Oppenheimer solutions 
may be expected to render a reasonable reproduction of 
the spectra, as the use of electronic energy surfaces 
to describe the nuclear motion is not necessarily 
inappropriate to the vibronic coupling region in 
which we anticipate the pair interactions may be.
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CHAPTER 3
ABSORPTION SPECTRA OF PHOTQDIMER EMBEDDED PAIRS
Pairs of nine substituted anthracene molecules 
embedded in their respective photodimers were ex­
amined in an endeavor to extend the previous work on
2 4anthracene pairs by Ferguson and Mau. The use of
photodimer matrices to generate and hold pairs has 
been found to possess several useful advantages 
over the use of solid saturated hydrocarbons or mono­
mer crystals. The photodimer crystals used have been 
found to constrain the monomer pairs effectively at 
temperatures ranging from 2.2 K to 300K, in addition 
to being easy to mount and handle. The stability 
of the photodimer embedded pairs permits a variety 
of different spectra to be run with the same crystal.
The properties of the photodimer crystal, whenever 
available, may be used to make inferences concerning 
the most probable geometry of the pairs. The reversible 
nature of the photodimerisation process in these 
solids has permitted the use of one crystal in many 
different kinetic runs. Re-use of the same crystal 
eliminates errors which arise due to variations from 
experiment to experiment in the number and type of 
defects and which plague attempts to gain meaningful 
data for photoreaction rates in monomer crystals or 
solid solutions, both of which are significantly 
disrupted during the course of the experiment.
3 . 1 E X P E R I M E N T A L  DIMER PAIRS GROSS FEATURES
FIGURE 5
The p h o t o r e a c t i o n  of Dianthracene
It has been found that the wavelength of light 
used for the cleavage of the phot o d i m e r  molecules 
can produce a variety of anthracene dimer species 
havin g charac t e r i s t i c  photorea c t i v i t i e s ,  absorption 
and flu orescence spectra. Figure 5 shows the p h o t o ­
reacti on in simp lified form. Of the forms created only 
two occur in high c o n c e n t r a t i o n  and it is these which 
were exa mined in this work. The remaining forms 
which were neglected, were either unstable at room 
temperature, or were d i f f i c u l t  to obtain without 
the si multaneous g e n e r a t i o n  of other forms, which 
comp li ca ted the spectral analysis.
The first type of pair with which we will 
deal, may be created by irradiating with light on 
the long wavelength edge of the p h o t odimer absorption
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band at approximately 300nm. We will refer to this 
form as Type A. The second form is created by low 
temperature(<70K) irradiation of the crystal with 
254nm light from a low pressure mercury lamp. We 
will refer to this form as Type B. The precise lo­
cation of both the Type A and Type B pairs in the 
dimer crystal is not known with certainty. For the 
purposes of the present discussion, the location of 
the pair types in the crystal is of little impor­
tance, it is sufficient to know that the pairs may 
be created in a reproducible manner under certain 
conditions and that they possess spectra conducive 
to analysis. Discussion of the factors which control 
the location of the creation of the pairs will facili­
tate the interpretation of experimental results 
presented in the following chapters. For this reason 
the discussion of the location of the pair sites is 
presented in Appendix 2.
The various properties observed for the two
forms are set out in Table 3. The anthracene pairs
with red and green excimer fluorescence were first
24observed by Ferguson and Mau and have been found
to be analagous to the forms observed for the derivatives.
In Sections 3.2, 3.3 and 3.7 the spectra of the
absorption and fluorescence of the pairs are examined.
We will then be able to draw conclusions about the 
mode of formation of these pairs and explain some of
the properties shown in Table 3. The spectra of the 
derivative pairs embedded in methylcyclohexane at 6K 
are presented in Section 3.7.c for the purposes of 
comparison with the solid state spectra.
Compound Presence Temperature de- Detectable Quantum Yield
pendent photo- Fluorescence of photodi- 
dimerisation Present merisation
6 K - 3 0 0 K at 6K
TYPE A Created by 300nm Irradiation
Anthracene YES YES YES (red ex- 
cimeric)
0
9 methyl YES NO NO 1
9 chloro YES NO NO 1
9 cyano YES NO NO 1
9 phenyl YES YES YES (red ex- 
cimeric)
0
TYPE B Created by 254nm Irradiation at 6K
Anthracene YES YES YES (green ex- 
cime ric)
0
9 methyl YES YES YES (green ex- 
cime ric)
0
9 chloro YES YES YES (green ex- 
cime ric)
0
9 cyano NO — — —
9 phenyl NO
TABLE 3
Properties of Dimer Pairs Embedded in a Photodimer Matrix
3.2.a TYPE A DIMER ABSORPTION *SPECTRA
In this section the absorption spectra of the
type A dimer is examined and an attempt is made to 
relate the spectra to the geometry and individual
* For definitions of the type A and type B dimers, 
see Section 3.1
3 8
int er ac ti ons of the c o n s t i t u e n t  monomers, by means
of the vibronic coupling theory of Fulton and Gouter- 
21 2 2man ' and the B o r n - O p p e n h e i m e r  procedure as ap-
53pli ed  by G a r e i a - S u e r e , et.al. Some of the data
p r e s e n t e d  in Table 3, c o n c erning the presence or 
absence of excimer fluorescence, and the facility of 
the p h o t o d i m e r i s a t i o n  process at low temperatures, 
are used to assist in the analysis.
The e v a l u a t i o n  of the d i s t ortion parameter X, 
which is used in the g e n e ration of vibronic c o u p ­
ling spectra (Section 2.4.c) was carried out by 
me a s u r i n g  the inte nsities of absorption of the a p ­
pr op ri at e monomer embed d e d  in the c o r r e sponding 
pho todimer, and c o m p a r i n g  the integrated intensities 
of a b s o rption of each v ibrational band to the i n t e n s i ­
ties of the c a l c u l a t e d  monomer spectra for various 
X values (see Section 2.4.C and Figure 4) . As was 
d i s c us se d in Section 2.4.c the accurate e v a l uation of 
the dis tortion p a r a m e t e r  is difficult. A basic a s ­
sumptio n of the vi bronic coupling analysis of Fulton 
and Go ut erman is that only one mode of vibration  
is active in the ex cited state. For anthracene and 
its der ivatives this is not strictly correct, b e ­
cause a 390  ^ am frequency vibr ational mode carries 
some intensity in the vibronic p r o g r e s s i o n  of the 
lowest excited state as well as some more weakly 
exci ted  v i b r ations in c o m b ination with the more in-
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tense 1400 ^cm vibrational mode. In addition to the
2errors introduced by the neglect of these vibrations, 
the anharmonicity of the 1400 ^cm vibration will ex­
acerbate the problem of finding A values which re­
flect the true distortion which occurs upon electronic 
excitation. The values of the distortion parameter 
which were obtained for the various derivatives are 
set out below.
Distortion Parameter
Anthracene 1.10
9 methyl 1.15
9 chloro 1.20
9 cyano 1.20
9 phenyl 1.10
Anthracene in methyl- 
cydohexane 1.0
The size of the distortion parameter which was used 
26by Morris , may be seen to be smaller than the value 
of A found for the monomer embedded in dianthracene. 
The effect of the dimer matrix has apparently been 
to increase the distortion of the oscillator in the 
excited state. The larger values of A which were ob­
tained for the derivatives may be expected to result 
from the effect of the substituent in modifying the 
excited state geometry of the anthracene framework 
and altering the vibrational overlap factors.
Table 3 shows that the photodimerisation pro­
cess has a unit quantum yield from 6K to 300K for
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some photodimer embedded derivative pairs. The facility 
of the dimerisation process suggests that these mole­
cules are closely associated. Repulsive forces will 
not become effective in closely associated dimers, 
until intermolecular orbital overlap occurs. We must 
therefore infer that intermolecular orbital overlap 
is important and note that a further condition of the 
vibronic coupling theory is the assumption of minimal 
orbital overlap between the constituent monomers of 
the pair. The accuracy of the calculated data may 
suffer if intermolecular overlap is important for 
the experimental pairs.
The absorption spectra of the pairs created by 
- 300nm irradiation of the derivative photodimers
studied in addition to anthracene, are presented in 
Figures 6 and 7. Figure 7 includes a diagram of the 
temperature dependence of the lowest energy vibra­
tional band of the 9 methyl anthracene pairs. The 
other bands of the progression to shorter wavelength 
which are not included in that diagram do not shift 
in energy or vary their relative intensities when 
the temperature is lowered to 6K, although some 
sharpenning of the peaks does occur. Similar be­
haviour is observed in the 6K and 300K spectra of 
cyanoanthracene and anthracene pairs.
The 9 phenylanthracene derivative is included 
in this section by virtue of the fact that it is
CM'xIO
FIGURE 6
Experimental absorption spectra of pairs resulting from 
~300nm photocleaving irradiation. All spectra are at 6K. 
a.anthracene b.methylanthracene c .c h 1o r o anthracene 
d.cyanoanthracene e.phenyla nthrace ne
The arrow indicates the frequency of the low energy 
absorption of the appropriate monomer embedded in 
the photodimer.
4 2
FIGURE 7
Exper im ental a b s o rption spectra of pairs resulting from 
300nm p h o t o c l e a v i n g  irradiation. Spectra a-e are at 300IC. 
a. an th racene b . m e t h y l a n t h r a c e n e  c . c h l o r o a n t h r a c e n e  
d . c y a n o a n t h r a c e n e  e. p h e n y l a n t h r a c e n e .  Inset spectra 
f shows the absorption spectra of the lowest energy 
tran si ti on of 9 m e t h y l a n t h r a c e n e  for a series of tem­
peratures. 1- 5 O K , 2-10 O K , 3-13 O K , 4-170 K, 5-200K, 6-23 OK , 7 - 27OK
The arrow indicates the frequency of the lowest energy 
ab so rp ti on of the appr o p r i a t e  monomer embedded in the 
pho to di me r
43
formed by 300nm irradiation, although its properties 
are not typical of the other derivatives.
The presence or absence of excimer fluorescence 
and a temperature dependence of quantum yield of photo- 
dimerisation permits some preliminary observations to 
be made concerning the geometry of a particular pair.
(i) Anthracene has a temperature dependent 
photodimerisation rate and exhibits ex­
cimer fluorescence. We may therefore 
conclude that prior to excitation the an­
thracene will not be in an eclipsed sand­
wich configuration. After excitation the 
molecules may rearrange and undergo either 
photodimerisation or excimer fluorescence, 
which are both processes which require 
that the molecular planes be in the sand­
wich configuration. Presumably in the 
ground state the perfectly overlapping 
sandwich configuration is not stable.
(ii) Methyl, chloro and cyano anthracene 
pairs all possess photodimerisation quantum 
yields of unity over the temperature range 
6K - 320K, and exhibit no detectable 
fluorescence. In order to explain the 
facility of photodimerisation, we propose 
that these pairs adopt an eclipsed sand­
wich dimer or a near eclipsed sandwich
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dimer structure at all temperatures ex­
amined .
(iii) Phenylanthracene exhibits excimer 
fluorescence and has a temperature de­
pendent quantum yield of photoreaction.
We may therefore assume that the molecules 
are not in a perfectly overlapping sand­
wich configuration or that if the molecules 
are in a sandwich configuration the 
hindrance of the phenyl group inhibits 
dimerisation and permits the slow process 
(x>100ns) of excimer fluorescence to occur.
It is not a necessary result of these observa­
tions that each of the derivatives examined have their 
molecular planes parallel before excitation. A con­
dition of the occurrence of excimer fluorescence or 
photodimerisation is that the molecular planes be 
parallel, thus all the compounds examined must pos­
sess a sandwich type configuration at some stage of 
the fluorescence or photodimerisation processes.
A simulation of the experimental spectra is 
now presented using the experimentally determined 
values of the distortion parameter X. The anthracene, 
methylanthracene and cyanoanthracene pairs are dealt 
with collectively in Section 3.2.b, as their spectra 
exhibit several important similarities. The chloro 
and phenyl derivatives are dealt with in Sections
45
EXCITE D 
STATE
GROUND
STATE
FIGURE 8
Evaluation of the intermolecular coupling parameter 
e from experiment.
3.2. C and 3.2.d respectively as their spectra each 
exhibit a different behaviour.
3.2. b ANTHRACENE, 9 METHYLANTHRACENE AND 9 CYANO-
ANTURACENE PAIRS
The estimation of the values of the intermo­
lecular interaction energies for these compounds 
was not a straightforward task.
2 0The method employed by Morris“ to evaluate e, 
by measuring the monomer to dimer plus state absorp­
tion shift, and then adjusting the energy value ob­
tained with an estimation of the dispersion energy 
(see Figure 8) is complicated by the virtual impossi
+  STATE
-STATE
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bility of obtaining accurate value for the dispersion 
and electrostatic shift(This point is discussed in 
Sections 3.3.a and 3.3.b).
As a result of this difficulty, the magnitude 
of e was estimated by generating several spectra, 
using the Fu1ton-Gouterman approach and physically 
reasonable values of e. An attempt was then made to 
match the energies and intensities to the experi­
mental spectra. A limited number of spectra generated
5 3by Garcia-Sucre et. a l . employing the Born-Oppenheimer 
procedure were used as an independent check of the 
values of e deduced by the use of the Fulton-Gouterman 
approach.
The most striking feature of the experimental 
spectra is the unusual temperature dependent low energy 
transition present in the spectra of the anthracene, 
methylanthracene and cyanoanthracene pairs. It was 
found experimentally, that the transition both ini­
tiated photodimerisation with the same quantum yield, 
and possessed identical polarisation to the other 
bands of their respective progressions.
Two interpretations of the origin and behaviour 
of this band were possible:
(i) The transition was the origin of the 
negative dimer state, which gained intensity 
by virtue of thermal agitation destroying 
the sandwich configuration of the pair
4 7
at room temperature. At low temperatures, 
the dimer pair would have its transition 
dipoles parallel when in the eclipsed 
sandwich configuration, and the t r a n s i ­
tion would then be formally forbidden.
(ii) The mole cules always retained a p e r ­
fect sandwich confi g u r a t i o n  over the e n ­
tire temperature range examined, and the 
low energy band was simply a consequence 
of vibronic coupling or intensity stealing.
The first p r o p o s i t i o n  was rejected because
several features of the spectra were incompatible
with the interpretation. The 300K experimental
spectra of the three types of pairs examined in this
se c t i o n ( F i g u r e  7) all show that the energy separations
from the origin of the monomer absorption to the
weak low energy dimer band is c o n s i derably less than
the sep ar ation of the m o nomer and ma x i m u m  intensity
dimer band. In the unlikely absence of significant
dis p e r s i o n  shift, t heoretical  c o n s i derations place
the mo no me r absorption energy halfway between the
plus and minus dimer energy levels. In the presence
of a s ig ni ficant d i s p e r s i o n  shift the dimer states
will be stabilised. As a result of this s t abilisation
the e x p e r i m e n t a l l y  o bservable plus system will move
to lower energy and may in some c i rcumstances ap-
19,20pear to lower energy than the mo nomer level.
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In the light of interpretation(i) the experi­
mental results imply that a shift has occurred in 
exactly the opposite sense (i.e. the proposed nega­
tive system is almost identical in energy to the 
monomer energy). A further contradiction inherent 
to interpretation (i) is that the shift in the posi­
tion of the maximum of the low energy absorption 
(Figures 6 and 7) between 6K and 300K, almost doubles 
the energy of separation of the proposed positive 
and negative systems. The implication of this ob­
servation is that the intermolecular coupling pa­
rameter £ has doubled in value. At the same time 
as the low energy peak undergoes this shift, all the 
higher energy bands of the respective progressions do 
not vary detectably in wavelength. A doubling of the 
value of £ should cause a shift in the position of 
all the peaks in the progression, and although a 
variation in the dispersion shift may offset this 
increase in splitting energy, an exact cancellation 
of the opposing variations for all three compounds 
is extremely unlikely. These observations must 
cast considerable doubt upon the validity of inter­
pretation (i) .
The intermediate coupling interpretation (ii) 
requires that the molecules possess a sandwich con­
figuration. By employing the vibronic coupling ap­
proach of Fulton and Gouterman it was found that it
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was possible to reproduce the 6K experimental spectra, 
but that the room temperature spectra could not be 
reproduced accurately for a large range of values of 
e. (See Figure 9 for an example of the spectra gene­
rated in an attempt to reproduce the methylanthracene 
spectra.)
Using the limited number of available spectra
5 3which were generated by Garcia-Sucre et.al., it 
may be seen that better agreement is obtained with 
the experimental spectra of me thylanthracene at 300K 
seen in Figure 7. The major difference in the gen­
erated spectra lies in the relative intensities of 
the individual bands, whilst the calculated energies 
of the transitions are similar in both approaches.
We may conclude that the interpretation of inter­
mediate coupling is correct for the experimental 
spectra, in the light of the vibronic coupling 
spectra and the Born-Oppenheimer spectra.
Two features of the experimental spectra how­
ever remain to be explained.
a. The calculated spectra clearly show 
a shift of the intense absorptions 
towards higher energy as the coupling 
increases, whilst no such variation was 
observed in experiment.
b. The broad nature of the lowest energy
absorptions, which are most apparent in
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E N E R G Y  (-14 0 0cm'1)
FIGURE 9
Proposed vibronic coupling spectra for methylanthra-
cene pairs calculated by the method of Fulton and
„ 20,21 ,  ^ , 53Gouterman and Garcia-Sucre et.al.
a.F-G at 6K,e=l,*=1.5 b.B.O. at 6K,e =1.0;^=1.0
c.F-G at 300K,e=.6;X = 1.15 d.B.O. at 3 0 0 K , e = . 6 ; = 1.0
5 1
the range 70K to 200K, and the tail of 
that absorption extending to longer w a v e ­
lengths in the room temperature spectrum.
It was clear from e xperim ent that some change does 
occur in the i n t e r m o 1e c u 1ar interaction when the t e m ­
perature is varied. The centres of gravity of the 
complete abs orption of the experimental dimer bands 
were de t e r m i n e d  at 6K and 300K and are shown in Table 
4. The sp litting of the a bsorption levels is expressed
as a sep ar ation of the centres of gravity of the ab-
21 2 2sorption systems. ’
Energy d if fe rences 
in centres of gravity 
of ab so rpt ion ±25cm
Dimers 6K 
and dimers 
3 0 0 K
Dimer 6K 
and m o n o ­
mer 6K
Dimer 300K 
and monomer 
3 0 0 K
Anthrac ene 50 250 200
Me th yl a n t h r a c e n e 150 400 150
C y a n o a n t h r a c e n e 300 1050 700
Chlo ro a n t h r a c e n e 150 1100 900
TABLE 4
Shifts of the Centres of Gravity of the Abso rptions  
The dimer band shifts are all to higher energy 
when the temperature decreases from 300K to 6K. The 
dimer tr an sitions all lie to higher energy from the 
respective monomer centres of gravity.
The increase in energy which occurs for the centre 
of gravity of the dimer bands of those compounds seen
5 2
in Table 4, is not of the same order of the increase 
in the value of c which is predicted by fitting c a l ­
cula ted  spectra to the 6K and 300K observed spectra.
The most likely e xplanation for the beha viour  
of the pairs, is that a small rotation or translation  
of one of the molecules of the pair is apparent for 
the ground state. This would impart a small degree 
of a l l o we dness to tran sitions to the negative dimer 
state. The posi tions of the first two transitions 
to the neg ative system are marked in Figure 9. At 
t em pe ra tu res a p p r o a c h i n g  300K the rotation will be 
most p r o n o u n c e d  and the transition intensity of the 
ne gat ive  system will be at a maximum, although it 
may still be weak. At 6K the rotation will be small 
and the tr an s i t i o n  to the negative system will be 
very w e a k .
Thus the a p p a rently large variation in the value 
of e sugge sted by the c alculated spectra of figure 
9 may be accounted for by invoking a slightly smaller 
£ variation, in c o n j u n c t i o n  with a small rotation 
of one of the molecules away from the sandwich c o n ­
figuration. Using this interp r e t a t i o n  the broad 
nature of the low energy transition may be c o n s i ­
dered to be p r i m arily a plus state transition with 
a small amount of intensity from the minus state 
to higher  and lower energies. The rotations involved 
cann ot be very large because the methyl and cyano
derivatives react with unit quantum yield, (eg. <150 )
As will be discussed in Section3.3.a the ground 
state intermolecular potential for anthracene is 
repulsive, whilst that of the methyl and cyano 
derivatives is expected to be slightly attractive.
The intensity observed in the low energy transition of 
anthracene pairs at 6K, when the methyl and cyanoan- 
thracene pairs show little intensity, may be under­
stood in terms of the differences in attractive and 
repulsive forces between the different molecules.
At 6K the dipole moment interaction of the substi­
tuted compounds will cause the molecules to lie in 
a sandwich configuration at shorter interplanar dis­
tances than will occur for anthracene pairs, which 
have a repulsive quadrupole-quadrupole electrostatic 
interaction. The result of the smaller interplanar 
separation will be a larger intermolecular interaction 
energy and thus a larger value of e.
The broad nature of the low energy band, even at 
6K, may be seen by observing the experimental spectra 
of Figures 6 and 7. This diffuseness makes the e- 
valuation of an accurate value of e, by measurement 
of the wavelength of the transitions, a difficult 
problem. The difficulty is accentuated at low 
temperatures where the transition is weak.
As discussed at the end of chapter 2, and for the 
the spectra of Figure 9, the Fulton and Gouterman model
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FIGURE 10
C a l c ulated A bsorption Spectra for 300K
-I
a___ Hi.
V  E- 1+
U ____I_L I I
E N E R G Y  G  14 0 0)
a - e, F u 1 ton-G o u t e r m a n  approach 
f , B o r n - O p p e n h e i m e r  approach
a . 
b . 
c . 
d . 
e . 
f .
c = . 5
e = . 5 
e = .9 
c = .6 
e = . 3 
e = . 6
A = 1.09 anthracene 
A = 1.15 me thylan thracene 
A = 1.2 c h l o r o a nthracene 
A = 1.2 cyanoan t h r a c e n e
A = 1.1 p h e n y l a n t h r a c e n e ( a n g l e  between tran- 
A = 1.0 sition dipoles 0=45°)
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FIGURE 11
Calculated Absorption Spectra for 6K
ENERGY ( - 1 4 0 0 )
a - d , Fu 11: on-Gou te r ma n approach 
e - f ,Forn-Oppenheimer approach
a . t . 7 A = 1 . 09 anthracene
b . e = 1 . 0 A 1.15 methylanthracene
c . £ = 1.0 A = 1.20 ch loroanthracene
d . G = . 8 A = 1 . 20 cyanoanthracene
e . E = 1 . 0 A = 1 . 0
f . C rr 1 . 0 A = 2 . 0
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reproduces the energies of transitions with reasonable 
accuracy, but does not reproduce the intensity distri­
bution well in the coupling region in which we are 
interested. In attempting to deduce values of e 
for the various pairs with the Fulton-Gouterman ap­
proach, attention has been focused on the reproduc­
tion of wavelengths and changes of wavelength indi­
vidual bands rather than intensities. Figures 10 
and 11 show the calculated spectra at 6K and 300K of 
the pairs of all the compounds under examination.
(An analysis of the chloro and phenyl pairs follows.)
Where available the Born-Oppenheimer spectra of
5 3Garcia-Sucre et.al. are included for approriate 
values of e .
An e value of 0.6 approaches the minimum value 
for which the Born-Oppenheimer procedure maintains 
validity, however the technique appears to repro­
duce our experimental spectra well. Garcia-Sucre 
suggests that in the limiting region the approach 
breaks down for the higher vibrational levels, whilst 
the lowest vibrational levels will retain a signifi­
cant degree of accuracy. Both techniques may be seen 
to be able to reproduce the energies and intensities 
of the 6K spectra which may be considered to belong 
to the intermediate coupling region.
It was found that for a series of values of
£ between the 6K and 300K values, that the variations
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of wavelength which occurred in the three compounds, 
as the temperature increased could be reproduced in 
the calculated spectra.
The matching of the calculated spectra thus 
places the 6K intermolecular coupling parameters for 
anthracene, me thy 1anthracene and cyanoanthracene 
pairs at epsilon -0.7; -1.0 and =0.81.1 respectively.
The spectra calculated to simulate the 300K spectra, 
result in the values of epsilon of .5, .5 and .61.1
being assigned to the anthracene, methylanthracene 
and cyanoanthracene pairs respectively.
On the basis of the attractive intrapair elec­
trostatic interactions, the larger dipole of the 
cyano derivative should place both the 6K and 300K 
values of £ higher than those of methylanthracene 
(Dipole moments in Table 1) . Examination of the values 
of the Van der Waals radii of the two substituent 
groups shown in Table 5, reveals that the difference 
in the intermolecular coupling parameter does not 
arise through the action of substituent steric hin­
drance preventing the close approach of the cyano 
derivative monomers.
Substituent H methyl -CN -Cl phenyl
Van der Waa1s
radius A° 1.2 2.0 1.6x1.92 1.80 1.85x-4.0
TABLE 5
The Van der Waals Radii of the Substituent Groups
5 B
The unexpectedly low values of the cyanoanthra- 
cene interaction energy relative to the methylanthra- 
cene values, may be the consequence of an electro­
static interaction between the monomers of the pairs 
and the photodimer matrix(see Section3.3.a for a full 
discussion of this e f f e c t ) . If the unit cell geometry 
is favourable, the very large dipole moment of the 
cyanoanthracene monomer may give rise to a signifi­
cant electrostatic attraction between either of the 
monomers of the pair, and its nearest neighbour photo­
dimer. The result of this attractive potential would 
be a larger equilibrium interplanar separation than 
that expected for an isolated dimer, and an accord­
ingly diminished value of e.
The extremely large variation in the value of 
e for methylanthracene between 6K and 300K is partially 
the result of the uncertainty in the measured differ­
ences in the experimental energies. The doubling of 
e which is suggested by the experimental results 
would almost certainly result in larger shifts in the 
position of the plus dimer system than those which 
have been noted(see Table 4). The range of possible 
values of the coupling for this compound may be 
-.8-1.11.1 at low temperature.
The observed variations in energy of the vibra­
tional bands, may arise from other interactions 
which the vibronic coupling theory is incapable of
accommodating. The most important of these inter­
actions is that of dimer state configuration inter­
action, and the reasons for rejecting any suggestion 
of the occurrence of this effect are discussed below. 
When the molecules of a pair assume a perfect
sandwich configuration, then only the second (2)2u
state at 44,00 cm  ^ may mix with the monomer derived
19 2 0(B2u (1)) dimer state. ' After rotation away from
the perfect sandwich configuration mixing with other 
states is also permitted by symmetry. The result of 
configuration interaction is usually a perturbation 
of energy levels and an augmented or decreased in­
tensity of their absorption. In order to determine 
if the non sandwich configuration dimer is permitting 
configuration interaction, the integrated intensities 
of the 6K and 300K experimental absorptions of methyl 
and cyano derivative pairs were measured. For both 
compounds no changes in total intensity of the bands 
were observed between the 6K and 300K spectra. It 
was then possible to conclude that no states were 
mixing with the observed dimer states as a result of 
temperature dependent decrease in symmetry.
Unfortunately no experimental method is avail­
able to ascertain the possibility of configuration
interaction between the ^B„ (1) derived dimer levels2 u
and the higher B2 u (2) transition, causing the dis-
26crepancy between experiment and theory. Morris
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has calculated the effect of increased mixing with 
the B2 u (2 ) state upon the intensities and energies 
of transitions of the (1) derived anthracene
dimer states. By making a comparison of the total 
intensity of the dimer spectrum in solid solution 
and the intensity of the monomer spectrum which re­
sulted from liquefying and refreezing the hydro­
carbon matrix, it was shown that hypochroism of the 
order of 85% had occurred between dimer and monomer 
spectra. From these observations he concluded that 
significant configuration interaction had occurred.
It is not possible to obtain similar evidence in 
dimer matrix experiments, however by comparison with 
Morris' observations, the occurrence of configura­
tion interaction between these states is still feasible.
26The effect of such mixing was calculated by Morris 
to be an increase in the splittings of all the vi- 
bronic bands with the energy difference between the 
first and second bands being the most significant 
result of these splittings. An overall decrease in 
intensity of the vibronic bands with a slightly 
greater intensity drop in the lowest energy band was 
also predicted. The variations observed in our ex­
periments were however too large to be solely the 
result of state mixing. A comparison with Morris' 
calculations of the effect of the state mixing matrix 
element (H.^) upon the lowest energy dimer states
with experiment shifts shows that an unreasonable value 
for this element of -2,500cm  ^ is predicted. We 
therefore conclude that the observed spectra are not 
significantly altered by configuration interaction 
with the B 2 u ( 2 ) state.
The remaining compounds may now be interpreted 
in the light of the conclusions drawn for the anthra­
cene, methylanthracene and cyanoanthracene pairs.
3.2.C 9 CHLOROANTHRACENE
The chloro derivative pairs apparently represent 
a limiting case at an extreme of the behaviour ex­
hibited by the cyano and methyl derivatives. Refe­
rence to Figures 6 and 7 which show the experimental 
spectra of this compound at 6K and 300K, indicates that 
the 9 chloroanthracene pair spectrum varies only slightly 
over the entire temperature range examined, apart from 
a broadening at temperatures approaching 300K. No 
variation in wavelength or relative intensity of any 
of the peaks was immediately discernible, however 
reference to Table 4 shows that some temperature de­
pendent variation does occur in the dimer band centre 
of gravity. The relative constancy of the spectrum 
over a wide range of temperatures suggested that no 
large variation in the intermolecular interaction 
had occurred. At first appraisal, the 6K and 300K 
spectra appeared to be those of a weakly coupled dimer 
pair (eg. £=0.05-0.1), however the lack of fluorescence
and the presence of a unit quantum yield of photodimer- 
isation indicated that the pair had to be a reasonably 
closely associated sandwich dimer. We suggest that 
the interaction of the chloro derivative pair lies 
in the region of intermediate coupling. Unfortunately, 
unlike the three previously examined pairs, no observ­
able low energy temperature dependent band is present 
in the chloro derivative. The inability of the ap­
proach of Fulton and Gouterman to reproduce the in­
tensities of the vibrational bands with accuracy, 
therefore prevents estimation of the value of e being 
made with certainty. No Born-Oppenheimer procedure 
spectra are available for the value of the distortion 
parameter calculated for chloroanthracene (A=1.2), 
however Figure 11 shows the calculated spectra for 
e = l; A=2.0. The vibrational envelope of this spec­
trum shows that the effect of the increased distor­
tion parameter value has been to reproduce more closely 
the intensity progression of the vibrational bands.
This fact in conjunction with the distinct similarities 
in the vibrational envelopes observed in the spectra 
of the methyl and cyano derivatives at 6K, suggested 
that the coupling parameter e should lie in the re­
gion e = 0.9-1.0 for the chloro derivative pairs.
The smaller Van der Waals radius of the chlorine 
substituent and the chloroanthracene dipole moment 
of l^D, will undoubtedly make the persistence of
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the closely associated sandwich configuration 
feasible. At the same time the destabilizing pair- 
photodimer matrix electrostatic interaction may be 
expected to be weaker than that of the cyano substi­
tuted compound. An exact understanding of the pro­
perties of the pair, however, must await the complete 
solution of the dimer crystal structure.
3.2.d 9 PHENYLANTHRACENE
The phenylanthracene dimer is exceptional in 
its behaviour, and is notable as an example of the 
effects of steric hindrance upon the properties of 
the pair.
The dipole moment of phenylanthracene is 
unknown, but is expected to be small, so that the 
forces of dipolar attraction which promote the sand­
wich configuration are not expected to be large.
The pairs exhibit excimeric emission, and are capable 
of photodimerisation(see Table 3). We may therefore 
conclude that the molecules are capable, after ex­
citation, of reasonably close approach with their 
anthracene moieties parallel. Presumably the steric 
barrier to the rephotodimerisation process impedes 
the photoreaction sufficiently to permit the slower 
(A>100ns) excimer fluorescence to occur.
The 6K and 300K experimental absorption spec­
tra of the phenylanthracene pairs may be seen in 
Figures 6 and 7. Two sets of absorption peaks may
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be clearly defined in the 6K spectra. The set of 
lower energy peaks are considered to arise from the 
absorption of the negative system of the dimer.
On the basis of this proposition, the splittings of 
the spectra were measured and found to correspond to 
a value of e - .3. The calculated spectrum is shown
in Figure 10. A value of 0 = 45° was found to most 
closely reproduce the relative intensities of the 
positive and negative dimer absorptions. The agree­
ment between intensity and wavelength appears to be 
reasonable in this coupling region. The rotation 
required to reproduce the experimental spectra may 
be open to some question, as the bulky phenyl groups 
are expected to make rotations in the plane of the 
anthracene moieties very difficult. By coupling the 
external dimensions of the anthracene photodimer and 
of two anthracene monomers in a pair, it was found 
that the overall long axis length including Van der 
Waals1 radii of the photodimer are
- 0.6 A° less than the pair, whilst the overall z 
axis width to the outer limit of the it orbitals are
- 0.4 A° less for the pair than the photodimer. The 
possibility of smaller rotations about the long 
molecular axes (x) in conjunction with rotations 
about the z axes may be proposed in order to ex­
plain the observed intensity of the negative system. 
Unfortunately our theory is incapable of accommodating
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the complication of two independent rotations, and 
we are unable to test the proposition.
It is worthy of note that pairs of both the 
methyl and isopropyl esters of 9 anthroic acid em­
bedded in their respective photodimers, exhibit ab­
sorption spectra with structures similar to the spec­
tra of the phenyl derivative pairs. The spectrum 
of the isopropyl ester at 6K is composed of a positive 
and negative system, with the negative system ap­
proximately 0.25 of the intensity of the positive.
The spectrum of the methyl ester pairs at 6K possesses 
only a positive system with approximately the same 
vibrational envelope as the positive system of the 
isopropyl ester pairs. As previously discussed in­
creased rotation away from the sandwich configuration 
will increase the intensity of the negative system.
We conclude that in both these compounds the large 
dipole moment arising from the presence of the car­
boxylic acid group, favours the assumption of a 
sandwich configuration. The isopropyl esters do 
not assume a perfect sandwich configuration due to 
the bulky isopropyl group and a small degree of 
allowedness is given to the negative system. The 
smaller methyl ester group is apparently not suf­
ficiently large to prevent the electrostatic at­
traction of the dipoles causing the formation of a 
sandwich dimer, and accordingly no intensity is 
observed for the negative system. Although no
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quantitative measurements were possible due to the 
difficulty encountered in obtaining large crystals 
of sufficiently high quality, it was noted that both 
esters displayed the same disinclination to photo- 
dimerisation which was typical of the phenylanthra- 
cene pairs.
The magnitude of the intermolecular interaction 
of the pairs with large substituent groups appears 
to be considerably smaller than that of the anthra­
cene or the chloro, methyl or cyano derivative pairs. 
The large substituent has effectively increased the 
intermolecular steric hindrance and has thereby re­
duced the intermolecular excitation resonance coup­
ling, and inhibited the photodimerisation process.
*3.3 TYPE B DIMERS
In this section we discuss the various properties 
of the type B dimer pairs. By referring to Table 
3 it may be seen that only the photodimers of an­
thracene, methylanthracene and chloroanthracene 
were found to give rise to the form B dimer.
3. 3.a MODE OF FORMATION OF THE DIMER
The dimers were created by irradiation of the
4
respective photodimer crystals with 254nm light at 
temperatures below 60K - 80K.
*See Section 3.1 for definitions of the type A and 
type B dimers.
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The t m dependence of the formation of
the dimer may be followed by referring to Figure 12, 
which shows the spectra which resulted from subjecting 
the methylanthracene photodimer, at 6K, to five minute 
periods of 254nm irradiation. The observations on 
on the time dependence cited here for methylanthra­
cene are generally true for the other two compounds 
examined.
Immediately after the commencement of irradi­
ation, the formation of the previously examined 
type A dimer becomes apparent(spectrum 12.a). After 
the concentration of type A dimer reaches a limiting 
value, the rate of formation of further type A dimers 
decreases markedly, and the spectra of the type B 
dimers appears (spectrum 12.b). Further irradiation 
of the photodimer crystal increases the concentra­
tion of the type B dimers, whilst little increase 
in the concentration of the type A dimers is ob­
served ( spectra 12.c and 12.d). After a prolonged 
period of irradiation the rate of production of both 
forms A and B decreases, and only small increases in 
concentration are noted after long periods of ir­
radiation. It was found that further large in­
creases in absorption of both species could be ob­
tained by irradiating the reverse face of the crystal 
under identical conditions.
The rephotodimerisation process was found to be
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temperature dependent for the methyl- and chloro- 
anthracene type B pairs, whilst the anthracene pairs 
were unreactive.(see Table 3) By irradiating the 
sample with 365nm light it was possible to selectively 
rephotodimerise the type A dimers of the methyl and 
chloro derivatives, which possess unit quantum yields 
of photoreaction at 6K. The resulting spectra obtained 
were those of the type B dimers(see Figure 13).The broad 
nature of the spectra of the chloroanthracene type 
B dimer was observed in every sample examined and is 
presumably the result of the disruption of the crystal 
matrix suggesting the occurrence of molecular rear­
rangement .
It was not possible to obtain spectra of the type 
B dimers of anthracene in the absence of the type A 
dimer at temperatures below 80K. The type A dimer, as 
is shown by Table 3, has a temperature dependent 
photodimerisation rate, and consequently may not be 
removed at 6K by rephotodimerisation. Attempts were 
made to rephotodimerise the type A dimers at succes­
sively higher temperatures, in the hope that the type 
A dimer would possess a greater dimerisation rate than 
the type B dimer at a given elevated temperature. 
However it was found, that at temperatures up to -80K 
no separation of the spectra could be obtained, and 
that above that temperature the type B spectra shifted 
to longer wavelengths indicating that a relaxation
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process had occurred. No experimental technique was 
found for the separation of the two types of dimer 
below 80K, and the final method by which the spectrum 
of the unrelaxed type B dimer was extracted was by 
numerical subtraction of the type A absorption from 
the total spectrum of both forms A and B. The cal­
culated spectrum of the unrelaxed type B dimer and 
the spectrum of the relaxed dimer recooled to 6K 
is shown in figure 14. Subtraction of the anthra­
cene spectra was not a sufficiently accurate tech­
nique to permit the measurement of any splitting which 
occurred between the two polarised spectra. The 
only observation which may be made is that any 
splitting if present, is less than 50cm  ^ in magni­
tude .
The spectra of the relaxed anthracene type B 
dimer and methy 1anthracene type B dimer both show 
intensity polarisations which are the opposite of 
their respective type A dimers. That is, the more 
intense polarisation of the A type dimer is associ­
ated with the weaker polarisation of the type B 
dimer and vice versa.
The spectra of the methylanthracene and relaxed 
anthracene type B dimers are red shifted relative to 
the absorption spectrum of their respective monomers. 
Table 6 shows the shifts of the absorption maxima 
of the dimers relative to their respective monomer
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cm x I0;
FIGURE 14
The absorption spectra of anthracene type B dimers
a. The unrelaxed anthracene type B dimer calculated 
by subtracting the type A spectrum from the combined 
spectra of types A and B.
b. and c. The polarised spectra of the relaxed t^pe 
B pairs recooled to 6K. The polarisations are 0 
and 90 to the extinction directions of the crystal.
All spectra are at 6K.
spectra and the splittings between the lowest energy 
vibrational bands of the polarised absorptions of 
the dimers. It was not possible to determine the 
splitting of the chloro compound because of the poor 
spectra obtained for that compound.
Compound Red Shift Monomer Polarisation Splitting
to Dimer cm
Anthracene 885
687
Methylanthracene 559
389
Chloroanthracene 30
TABLE 6
The red shift of type B dimer absorptions from their 
respective monomer absorptions, and the energy split­
ting between the 0° and 90° polarisation absorption 
of the lowest vibrational levels of the relaxed type 
B dimer absorption.
The anthracene type B pairs could not be photodimerised 
at any temperature between 6K and 300K. Therefore it 
was possible to obtain the spectrum of the relaxed 
type B dimer by room temperature photodimerisation 
of the type A dimer. In contrast to the anthracene 
dimer, the chloro type B dimer was found to be stable 
over a period of several days in the dark, but could 
be rephotodimerised with facility at room temperature.
between lowest vi^ra- 
tional levels cm
198
170
The methylanthracene type B dimer was found to be unstable 
upon increasing the temperature to 300K, where the ab­
sorption peaks shifted 250cm  ^ to higher frequency after 
less than one hour. The methylanthracene pairs rephoto- 
dimerised readily at 300K at any stage of the relaxa­
tion process.
Both the methyl- and chloroanthracene type B pairs
displayed a temperature dependence in the rephotodi-
merisation process similar to that observed by Fer- 
2 4guson and Mau for anthracene type A pairs. The pairs 
were stable to irradiation at 6K, and exhibited in­
tense excimer fluorescence upon being illuminated with 
- 380nm - 400nm light. As the temperature was raised 
the intensity of excimer fluorescence decreased, and the 
rate of photodimerisation increased. At room temper­
ature it was not possible to detect the presence of 
excimer fluorescence.
The behaviour of the excimer fluorescence of 
the anthracene and methylanthracene type B dimer pairs 
was observed at various intervals during the process 
of relaxation. At 6K the excimer fluorescence of the 
unrelaxed anthracene type B dimer had a maximum in­
tensity at 515nm, which lay to higher energy than the 
type A excimer fluorescence at 560nm. It was found 
that in the temperature range 6K to 80K no variation 
occurred in the wavelength of maximum intensity emis­
sion within the limits of experimental error. At
temperatures above 80K the intensity maximum of ex- 
cimer fluorescence for the anthracene pairs moved 
to progressively shorter wavelengths until after 
standing at room temperature in the dark for several 
hours, a structured emission was observed immediately 
to longer wavelengths from the absorption bands. The 
excimer fluorescence of the type B pairs of methyl- 
anthracene possessed a maximum at 515nm prior to 
relaxation, which shifted towards the higher energy 
of the monomer fluorescence as the temperature was 
raised. However the fluorescence never assumed a 
structured form, and its intensity weakened to unde­
tectable levels at 290 - 300K.
The excimer fluorescence of the chlorine deri­
vative type B dimers was examined and found to shift 
only of the order of 300cm  ^ to shorter wavelength 
between 6K and 300K. The maximum of the excimeric 
fluorescence lay at 500nm at 6K, which evidences a 
smaller monomer to excimer stabilisation energy 
than was observed for the anthracene or methylan- 
thracene type B dimers.
Several unsuccessful attempts were made to create 
type B dimers in the photodimers of cyanoanthracene 
and phenylanthracene. The explanation for the ab­
sence of the type B pairs in these compounds is pre­
sented in the following section.
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3.3.b INTERPRETATION OF THE NATURE OF THE TYPE B DIMERS
By drawing upon the data presented in the pre­
vious section, and data gathered by other workers con­
cerning monomer crystal structures and spectra, we 
may achieve some understanding of the nature of the 
type B pairs.
The type B dimers are formed by irradiation with 
light which is strongly absorbed by the dianthra­
cene moieties. Accordingly the light is absorbed in a 
thin layer near the surface of the crystal and a rela­
tively high concentration of pairs is created. Such 
an interpretation is supported by the advent of type A 
dimers prior to the formation of type B pairs, and the 
fact that irradiation of the reverse face of the 
crystal permits an increase in the limiting absorption 
of the pairs. The disruption of the host lattice which 
is consequential to the high concentration of dimer pairs 
produced, apparently permits intermolecular motion between 
the sandwich pairs. The molecules may then rearrange to 
form aggregrates which have dichroic spectra. The 
direction and magnitude of the relative motion of the 
molecules is a function of the intermolecular forces 
between the molecules. It is possible to obtain an 
indication of the most probable movement of the molecules 
by conducting an examination of the crystal structures 
of the monomers which are a direct result of the action 
of the intermolecular forces. Figure 15 shows the 
relative orientation of two representative molecules in 
each monomer crystal normal to the plane of one of the
molecules.
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FIGURE 15
The relative orientation of two representative molecules
in the structures of the monomer crystals.
54(a) Cyanoanthracene
55(b) Methylanthracene
56(c) Anthracene
The molecule marked with an asterisk is seen normal to
the plane of the anthracene moiety.
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The exact solution of the crystal structure of
the chloroanthracene monomer has not been determined.
4 3It is known to occur in two forms , one form is si­
milar to the structure of cyanoanthracene monomer 
crystals and the other is similar to the methylan- 
thracene crystal structure.
The spectra of the three compounds examined and 
the gross features of their photoreactive properties 
may now be interpreted.
The methylanthracene sandwich pairs are expected 
to move towards a structure similar to that observed 
for the monomer crystal pairs. The movement will re­
duce the molecular overlap and therefore cause a de­
crease in intermolecular resonance coupling. The 
dimerisation will be subject to a return to the sand­
wich configuration. As a result, excimer fluorescence 
becomes possible where none was observed for the type 
A dimers, due to the high efficiency of the photo- 
dimerisation process in that dimer form. The red 
shift of the spectra may be the result of dispersion 
interaction predominating over the smaller excitation 
resonance coupling energy, however a quantitaitve 
interpretation in terms of dimer theory is not ap­
plicable due to the fact that the molecules here are 
aggregations of unknown size. The vibronic envelope, 
the dichroic splitting and the polarisation reversal 
relative to the type A pairs which may be observed
79
in the spectra, are however, indicative of a rear­
rangement to a monomer like crystal structure.
The anthracene monomer crystal structur sug­
gests that the most probable orientation of the type 
B pairs will not be one in which their molecular 
planes are parallel.
At temperatures below 80K excimer fluorescence
was observed for the anthracene type B dimers whilst
the wavelengths of the absorption maxima were nearly
coincident with the maxima of the type A dimers.
When the temperature is raised above 80K the excimer
fluorescence gradually moved to shorter wavelengths
and became structured. We interpret this to mean that
below 80K the pairs are constrained in a non overlapping
sandwich configuration which differs only slight;y
from that of the type A dimers. Above 80K thermal
agitation permits extensive rearrangement to a monomer
like configuration in which the molecular planes are
no longer parallel. The second rearrangement places
the molecules in a non photoreactive configuration.
The presence of dichroism and the shape of the vibronic
envelope of the relaxed type B dimers bear similarity
to the spectrum of crystalline anthracene which was
57observed by Clark and Philpott.
As a result of our inability to obtain well de­
fined spectra, a suitable explanation of the spectra 
and properties of the chloroanthracene pairs is less
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simple. The presence of excimer fluorescence and the 
ability to rephotodimerise the pairs indicates that 
the magnitude of the molecular translation or reori­
entation cannot be extreme. It is possible that the 
large molecular dipole and the ability of the mono­
mer derivative to pack in two distinct crystal struc­
tures, may cause inhomogeneity inthe regions of high 
monomer concentrations. The broad nature of the spectra 
observed for the dimer may be explained in terms of 
this inhomogeneity. It is worthy of note that the 
presence of statistical inhomogeneity has been sug­
gested in the structure of the chloroanthracene mo­
nomer. At present we are unable to offer any explana­
tion as to why the chloroanthracene spectrum does not 
exhibit any red shift in the type B spectrum.
The absence of the observation of a type B dimer 
in cyanoanthracene photodimers may be explained by 
considering the large diploe of the monomer and the 
monomer crystal structure. The mutual dipolar at­
traction of the type A pairs initially formed will 
be strong, and any deviation from the antiparallel 
sandwich configuration would be unfavourable. At 
the same time the adoption of a structure similar to 
that of the cyanoanthracene monomer crystal (see Figure 
15.a.) requires a very large molecular rotation or 
translation of molecules initially in an antiparal­
lel sandwich configuration. The cyanoanthracene
8 1
molecules are therefore not expected to rearrange 
after the intense irradiation of the photodimer 
crystal.
The absence of the type B dimer in the phenyl- 
anthracene photodimer presumably results from the 
large phenyl groups preventing any rotation or trans­
lation greater than that observed for the type A 
dimers. No monomer crystal structure data are avail­
able for phenylanthracene, so that it is not possible 
to draw upon any other data to assist the analysis 
for this compound.
3.4 THE EFFECT UPON DIMER CONFORMATION OF INTER-
MOLECULAR INTERACTION AND PHQTQDIMER CRYSTAL STRUCTURE
We will move now to a discussion of the various 
attractive and repulsive forces which act upon the 
molecules of a dimer pair. An examination of the mag­
nitude and directional properties of these factors may 
yield information concerning the reactivities and ob­
served spectra of the molecular pairs.
In their analysis of the total ground state inter­
actions for the isolated anthracene dimer, Chandra and 
41Sudhindra include the following terms in their cal­
culations .
(i) electrostatic energy (quadrupole-quadrupole)
(i i) tt orbital overlap repulsion energy
(iii) charge transfer interaction energy
(iv) non-bonded repulsion energy
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(v ) tt-tt dispersion energy
(vi) 0-0 dispersion energy
We will briefly discuss the characteristics of each of 
these terms and in addition must include the contri­
butions o f :
(vii) dimer-photodimer matrix electro­
static interaction/ non bonded repul­
sion and TT-7T dispersion interaction.
(viii) dimer dipole-dipole electro­
static interaction
The qualitative nature of the following assessment 
of these interactions was necessitated by the ex­
treme complexity of the accurate evaluation for closely 
associated pairs of even one of the factors shown in 
(i) - (vi), even before any consideration is given
to obtaining an accurate summation of the terms.
The observed shifts in dimer absorption, in ad­
dition to those attributable to excitation resonance 
splitting may also be understood in terms of changes 
in the interactions which occur after excitation of 
one molecule of the pair. The energy observed for the 
plus dimer system absorption, relative to the slightly 
higher value of energy which was predicted solely by 
consideration of vibronic coupling is attributable to 
the increased stabilisation of the excited state inter- 
molecular potential energy relative to the ground 
state. Figure 8 expresses this energy difference as 
föes| - IDgsI. The shifts between the experimental
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monomer dimer transition energies at 6K and 300K 
have been presented in Table 4.
The sum of terms (i) to (viii) listed above 
will give the total intermolecular potential energy 
in the presence of some intermolecular orbital over­
lap. If the intermolecular overlap is very small 
then the repulsive terms will approach zero.
The size of each term will be of primary impor­
tance in the determination of the ground state con­
figuration of the molecules. The dependence of each 
term on the configuration of the molecules shall also 
be examined, as the summation should then determine the 
most favourable orientation of the molecules in the 
ground and excited states.
3.4.a ELECTROSTATIC INTERACTIONS
The electrostatic reactions of greatest impor­
tance will be dipole-dipole interactions, except in 
the case of anthracene where the significant interaction 
will be quadrupole-quadrupole.
In general it is not possible to employ simple 
expressions for the determination of electrostatic 
interaction energies when the molecular pairs are 
as closely associated as they are in a photodimer 
matrix. The calculation of expressions which deter­
mine the energy correctly for two molecules at small 
interplanar separations is difficult, and has re­
ceived considerable attention in many analytic appli-
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cations ^ ^  which are relevant to this work.
We will not attempt a quantitative determination 
but rather, will examine the gross features of the 
differences of the electrostatic interactions.
For the anthracene dimer the quadrupole-quadru- 
pole ground state interaction will favour a rotation 
away from the sandwich dimer configuration.2^'^6 
The exact alignment of the two quadrupoles will give 
rise to a repulsive potential, which may become 
attractive if the two quadrupoles are rotated or 
translated sufficiently. The size of the rotations 
required to create an attractive potential are too 
great to be considered to be feasible within the limits 
of constraint set by the photodimer matrix. The mole­
cules will thus undergo a rotation and/or transla­
tion until an equilibrium is reached between the op­
posing forces originating from within the pair and 
from the pair matrix interaction. Figure 19(a) shows 
the quadrupole-quadrupole interaction energy of two 
anthracene molecules seperated by 3 .7 A° as a func­
tion of long axis rotation.
Any variation which occurs in the quadrupole
moment of an anthracene molecule when it is excited
into the lowest lying energy level, will directly affect
the electrostatic contribution to the potential energy.
The variation in quadrupole moment on excitation has
2 6been estimated by Morris to be zero, although he
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noted that other workers predicted a small increase.
We may assume that the quadrupole moment does not in­
crease to any great extent upon excitation, and that 
the resultant effect on the intermolecular potential 
energy change will not be of great significance.
For the anthracene derivative pairs the most 
stable configuration will be an antiparallel over­
lapping sandwich geometry. The dipole-dipole inter­
action of the permanent moments will be at least an 
order of magnitude greater than the quadrupole-quadru-
pole interaction of anthracene pairs. A simple model
31for the interaction of two permanent moments shows
that the dependence on interplanar distance varies 
-3 -5as R and R for dipole-dipole and quadrupole- 
quadrupole interactions respectively, whilst the de­
pendence on dipole will vary as the dipole squared.
If the interplanar seperations are considered to be 
roughly the same for each derivative, then the mag­
nitude of the ground state or excited state permanent
3 5moment energy contributions will vary in the order:
-CN > -Cl > methyl - phenyl > anthracene
Upon excitation of one of the monomers of the
pair, an increase in the free valence and polarisa-
3 3bility of the molecule occurs, this will result in 
a greater effective diploe for the aromatic section 
of the molecules. The increase is not large, but
it will stabilise the excited state, and increase the
86
electrostatic forces which favour the sandwich con­
figuration slightly.
At the intermolecular distances which are expected 
in experiment the dispersion and electrostatic di­
pole-dipole contributions to the total potential 
energy will be of roughly the same magnitudes, un­
like the predominance of the dispersion terms which 
occurs for anthracene pairs.
For pairs embedded in photodimer matrices con­
sideration of only the electrostatic interaction 
of the isolated pair will be inadequate. In his
assessment of the importance of electrostatic inter-
2 6actions, Morris considered only the effect of the 
two molecules of the pair, because the hydrocarbon 
solvent cage was not expected to be the source of a 
significant geometry dependent electrostatic contri­
bution to the potential energy of interaction.
However in cases where the crystal packing of the 
photodimer molecules is favourable, the moments of the 
nearest neighbour photodimer molecules may stabilise 
the intrapair dipole interaction. The ground state 
electrostatic forces promoting a sandwich configura­
tion may then be considerably larger than those for 
an isolated dimer pair. An isolated substituted 
photodimer molecule does not exhibit a total dipole 
moment because the dipoles of the two component molecules 
will exactly cancel in the normal trans photodimer
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configuration. However if the effective charge dis­
tribution of the photoadduct is considered as two 
antiparallel dipoles fixed at the dianthracene bond 
separation^ then the nearest of the two dipoles to 
the pair will exert a greater effect upon the pair 
c o n f i g u r a t i o n . ^ ' ^  The chlorine substituted photo­
dimer may serve as an example. The exact solution 
of the chlorine photodimer crystal structure has
not been made, although the space group and cell con-
43stants have been determined. The structure con­
tains only one molecule per unit cell and the crystal 
space group is PI. The translational equivalence 
of each molecule determines that the photodimers 
will be arranged in stacks, in which the molecules 
may be either tilted or perpendicular to the axis
of the stack. The crystal structure of 9 anthral- 
4 4dehyde is an example of such a packing arrange­
ment for which a complete structure analysis has 
been made. Figure 16 shows a physically reasonable 
structure for the chlorine derivative photodimers, 
with one photodimer cleaved to form a molecular 
pair. In any crystal which approximates the pro­
posed stacked structure, a molecular pair resulting 
from the photocleavage will experience the usual 
intrapair electrostatic forces, but also electro­
static forces arising from the neighbouring molecules 
of the photodimer matrix. For each molecular pair 
located in a stack the nearest of the two antiparal­
lel dipoles(eg. A in Figure 16) on the photodimer
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FIGURE 16
A proposed structure of the chloroanthracene photo­
dimer. The expected arrangement of the pairs is 
also shown.
will be in an attractive conformation with the mono­
mer of the pair to which it is closest (C in Figure 16). 
The second dipole at B will repel the dipole at C, 
however due to its increased distances from C, the 
interaction will not be as great as that due to the 
dipole at A. We may conclude that the stacked 
crystal packing arrangement of photodimers will 
favour the retention of a sandwich configuration.
The equilibrium interplanar separation of the pair 
will be shifted to slightly larger values than would 
be expected from consideration of the isolated pair
FIGURE 17
102 102The crystal structure of dianthracene. ' The
molecular axes of adjacent molecules are not all parallel.
forces, because of the presence of the attractive 
potential of the matrix.
A different electrostatic coupling situation will
be evident if a structure similar to that of dian- 
2 9thracene (Figure 17) is adopted by the derivative 
molecules. In this case the nearest neighbour mole­
cules will not be transitionally equivalent. In 
such a packing arrangement, which usually results 
from the necessity of minimising non-bonded repulsions,
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the effect of dimer pair - photodimer electrostatic 
interaction will be reduced relative to that in the 
stacked structure.
We may conclude that the intrapair electro­
static interaction will be of primary importance in 
determining the dimer geometry. The dimer - photo­
dimer matrix interaction, in favourable cases, may 
then act as a perturbation of the intrapair forces.
3.4 . b DISPERSION INTERACTIONS
The dispersion energy is an attractive term which arises 
from the interaction of the transition densities of 
the two molecules.
The energy may be represented as a two electron
interaction by means of an interaction term
2e
r 1
where v and v are electrons on molecules A and B 
respectively.
Thus in the absence of overlap and electron ex­
change the dispersion energy is given by Equation
3 .1.  ^ o o I--- - I xV>1 aAaB
disp E° + E° - E^ - E ^ A B A B 3 .1
where i and j denote excited states
y and v are the wavefunctions of the molecules
A and B respectively and
E ° .....etc. represent the state energies.A
The summation is over all states.
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Our interest lies primarily in estimating the 
relative differences in dispersion interaction 
energy between the different derivatives, and the 
changes in these which may occur upon excitation. For 
our purposes information may be obtained more simply 
by examining the form of London's original formula 
for the dispersion energy of molecules with spherical 
symmetry
E 1 _ ~3 AEAE1
di sp ~„6 .„ . .„1 aa^ 2 R AE + AE 3.:
where AE and AE^ " are the excitation energies of
each molecule and a and ot^" are the corresponding
polarisabilities.
41Chandra and Sudhindra used an extension of this 
formula developed by Rein et. al.~^°, which permitted 
the calculation of the a bond dispersion energy con­
tribution, by summation of the axially symmetric 
a bond polarisabilities (a^ and a 2). Assuming that 
the dependence of London's formula on polarisability 
retains some validity for the interaction of a mole­
cule with the symmetry of anthracene, an examination 
of the size of the total molecular anisotopic polari­
sabilities should give an indication of the relative 
magnitudes of the dispersion terms for the derivatives.
Table 7 sets out the polarisabilities as determined
47,48by LeFevre et. al. ' from experiment or semi- 
empirical calculation.
Compound a a aX X y y zz
Anthracene 36.0 24.3 16.0
*Methylanthracene 36.5 26.7 16.4
Chloroanthracene 37.3 27.8 16.8
*Cyanoanthracene 36.6 26.1 
TABLE 7
16.6
The anisotropic polarisabilities of anthracene and 
several of its nine substituted derivatives.
* denotes values obtained by calculation.
47A conclusion drawn by LeFevre that "....exaltation 
of polarisability produced by substituents...in aro­
matic combination is concentrated along the dipole 
axis: indeed this exaltation is augmented at the
expense of polarisability in other directions. The 
whole effect is not very great for CH^, but it is 
larger for Cl...." is reflected in the polarisabil- 
ities shown and will be of use in determining the 
effect upon the dispersion interaction of various 
substituents.
The significance of the exact values is not as 
great as the variations which occur from one deriva­
tive to another, or which occur upon excitation. It 
may be seen that for each of the substituents the 
increase in polarisability is greatest along the y 
molecular axis relative to the anthracene values.
The magnitude of the dispersion interaction is
greatest when the transition dipoles are aligned. 49
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Thus the sandwich configuration will be the most 
favoured energetically. In all compounds the z 
component of the polarisability is the smallest so 
that rotations which increase the angle between these 
axes are expected to be the most probable. For the 
substituted compounds the polarisability increases in 
all components, however the greatest increase occurs 
along the y axis, as was suggested by Le Fevre. The 
effect of substitution is then apparently to increase 
the contribution of the dispersion energy to the 
total potential energy, and in particular to in­
crease the favourability of the sandwich configu­
ration. The 9 chloroanthracene has the largest polari- 
sability of all the tabulated compounds and was there­
fore expected to have the greatest dispersion energy, 
and the deepest potential minimum about the sand­
wich configuration. This observation was born out in 
the analysis of the spectra of chloroanthracene pairs 
in Section 3.2.c. The dispersion energy of the deriva­
tives may thus be expected to increase in the sequence
anthracene < cyano -< methyl < chloro
In their calculation of the dispersion energies
4 1of an anthracene pair, Chandra and Sudhindra sepa­
rate the dispersion effects of the it orbitals and a 
orbitals, and use forms of equations 3.1 and 3.2 
respectively to express these dispersion effects. From 
the results of their calculations, they conclude
94
that the a-o dispersion enrgy will be large in com­
parison to the 7i — 7i dispersion for small intermolecu- 
lar distances, whilst the reverse was true at large 
separations (> 4.0 A°). Their observations may have 
been anticipated on the basis of the difference 
between the radial distribution of the density of the 
o and 77 orbitals.
The excitations of interest to this work in­
volve only the excitation of tt orbital electrons.
It is thus expected that the tt — 77 dispersion will be 
the most changed upon excitation, whilst the a-a
dispersion terms remain relatively invariant.
4 1Chandra and Sudhindra calculated the tt —  tt dispersion 
energy of a sandwich dimer of two anthracene mole­
cules separated by 3.5A° to be -2,800cm ^. Uzhinov^ 
has estimated that an increase in polarisability 
by approximately a factor of two occurs for anthra­
cene upon excitation. The assumption that the tt —  tt 
dispersion interaction is approximately proportional 
to the po1arisabi1ity implies an increase in the dis­
persion interaction of a minimum of 2,500cm  ^ must 
be anticipated. Variations occurring, upon excita­
tion, of other attractive and repulsive terms are
2 6not expected to be large, so that the major part of 
the stabilisation will be a result of the variation 
in dispersion interactions.
Dispersion interactions may also occur between 
the molecules of the pair and the photodimer matrix.
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By observing the form of the simple equation 3.2, 
it may deduced that the dispersion interaction be­
tween the dimer pair and the adjacent photodimer of 
the constraining matrix, will be smaller than that 
between the molecules of the pair due to the dif­
ference in polarisability and transition energy be­
tween the photodimer and the monomer. The presence 
of the of the pair-matrix dispersion interaction 
will reduce the attractive potential of the total 
dispersion interaction between the two molecules, 
in comparison to the total dispersion interaction 
of an isolated dimer. As was observed for the elec­
trostatic pair-matrix interactions, the crystal 
structure of the photodimer will also perturb the 
geometry of the pair by means of the directional 
properties of the dispersion interaction. The 
stabilisation arising from the intrapair dispersion 
interaction, will be reduced by the offsetting ef­
fect of the opposing matrix derived dispersion 
effect. Thus consideration of the matrix dispersion 
effect permits the reduction of the estimation of 
the dispersion interaction energy variation between 
the ground and excited states, to some value smaller 
than the 2,500cm  ^ suggested above.
The experimental results(see Table 4) show that 
the plus dimer state, is at higher energy than the 
mean monomer transition energy for all the compounds 
examined. This fact implies that the Davydov Splitting
is more than double the dispersion energy i.e. greater
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than 4000cm - 5000cm  ^ (e > 1.4) for all the pairs
examined(see Figure 8 for a diagram of the relation­
ship of the energies discussed here) . This value may 
be rejected as being too large on the grounds of 
the consideration of the envelopes of the absorption 
spectra alone. By subtracting the monomer to dimer 
shift shown in Table 4 from the estimated value of 
the intermolecular excitation exchange energy, an 
indication of the change in intermolecular poten-
tial on excitation may be obtained. The estimated
dispersion values are shown in Table 8 .
Dime r Dispersion Energy ± 50cm ^
6 K 3 0 0 K
anthracene 700 500
methylanthracene 1000 550
cyanoanthracene 100 150
chloroanthracene 350 350
TABLE 8
The stabilisation of the dimer state resulting from 
the dispersion energy variation at 6K and 300K.
Morris estimated the experimental value of the 
dispersion energy of the sandwich dimer of anthra­
cene embedded in solid methylcyclohexane, to be of 
the order of 300 - 500 cm As a result of the
greater constraints placed on the pairs by the dimer 
matrix, the interplanar seperation will be smaller 
than that which occurs in the solid solutions em­
ployed by Morris. If our estimates of the splitting 
derived from examination of the spectra are near the
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real value for £, then the values shown in Table 8 
are approximately correct. The magnitudes of the 
calculated dispersion energies shown do not follow 
any order which is predictable on the basis of 
variation of monomer properties such as dipole mo­
ment or po1arisabi1ity . We must attribute the 
variation in the values to either of the following:
(i) Inaccuracies in the deduced values 
of e for the pairs.
(ii) The effect of the dispersion 
interaction with the photodimer 
matrix upon a/, the pair energies 
b / . the monomer in photodimer 
energies .
The inaccuracies arising from the errors in the 
value of e have been previously discussed in Sections 
3.2.a, .b and .c, so that no further discussion of 
the limits of accuracy of £ will be made here.
A brief discussion of the relative importance 
of (ii) a/, and b/. will now be presented.
a/. The increase in the dispersion shift which 
is observed upon cooling, for the anthracene and 
methylanthracene pairs, may be interpreted in terms of 
decreased interplanar separation resulting from de­
creasing thermal agitation. However the chloro and 
cyano derivative values, which appear to be tempera­
ture independent, are smaller than would be expected
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on the basis of the sequence of increasing monomer 
dipole moments or polarisabilities. One explanation 
of this behaviour may be that the large dipole moment 
of these derivatives has ensured that the photodimer 
has crystallised in a structure in which all the di­
poles are perfectly aligned. In such a configuration 
the pair-photodimer molecule dispersion interactions 
will be maximised. The intrapair dispersion shift 
may thus be offset by a not insignificant "solute- 
solvent" dispersion interaction.
b/. The spectra of the monomer molecules 
which were used to determine the monomer to dimer 
centre of absorption energy shift are those of the 
appropriate monomer embedded in the respective photo­
dimer matrices. The monomer molecules are considered 
to reside in vacancies created by the absence of a 
photodimer molecule. The dimer pairs created by 
cleavage of a photodimer will occupy a site of the 
same dimensions as that occupied by the monomer.
Thus the dispersion interaction between the matrix 
photodimers and the monomer will not be the same as 
that between the matrix photodimers and the dimer pair 
due to large differences in contact distances. As 
the solvent matrix-solute dispersion interactions 
are not identical for a monomer and a dimer pair, a 
comparison of the relative transition energies will 
contain a small inherent error. Although the dif-
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ference in this d i s p ersion shift effect is not expected 
to be large, an accurate e s t i mation of its magnitude 
will be necessary before an accurate assessment of 
the overall dimer disp e r s i o n  shift can be made. 
Un fo r t u n a t e l y  the solution of the p r oblem of e x p e r i ­
me nt al ly  or t h eoretically equalising the matrix d i s ­
pe rs ion  interaction for the two entities appears to 
be of such complexity as to be impossible.
We may conclude the order of magnitude of the d i s ­
pe rs io n terms to be correct, however any further c o n ­
cl usi ons  drawn by a c o n s i d e r a t i o n  of the exact m a g ­
nitudes of the interactions will be limited by the 
com ple xity of the p e r t u r b i n g  matrix interaction.
3.4.C CHARGE T R A N S F E R  INTERACTION
The charge transfer or it d e l o c a l i s a t i o n  i n t e r ­
action gives rise to an attractive potential which 
arises as a result of exchange between occupied 
and un oc cupied orbitals of the two monomers of a 
pair .
4 1After Chandra and Sudhindra the charge t r a n s ­
fer in te raction energy may be repr e s e n t e d  by:
2n . . i 
J-3
unoc- o c - cup cup
- 4 E . 1 
3 I Aw ( i-*- j ) I
where the i represent the occupied monomer it o r b i ­
tals on molecule A and the j^ are the unoccupied 
7T orbitals on molecule B
Au)(i-*j) is the difference in energy be tween the i
3 .3
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filled and the jth vacant orbital of a monomer 
and n i j 1 = <i|v|j^>
For anthracene pairs where the ground state 
electrostatic terms are repulsive, the orbital over-
to each other the charge transfer interaction will 
be related to the degree of overlap,
and is therefore expected to be small for the anthra­
cene p a i r s .
For derivative pairs where the ground state 
electrostatic interaction is attractive the orbital 
overlap will be significant. The attractive poten­
tial due to the it delocalisation will then be greater 
for the more closely associated derivatives than for 
anthracene .
3.4 . d TT ORBITAL OVERLAP REPULSIONS
The overlap of filled rr orbitals on different 
molecules will be repulsive, and will not possess a 
minimum in the region of the sandwich configuration. 
The repulsion energy may be represented by the equa-
where the notations are the same as those used pre-
3 .4
t ion 41
E 3 .5
viously. Chandra and Sudhindra 41 found this term to
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be the largest repulsive contribution to the overall 
interaction energy for sandwich dimers at an interplanar 
separation of 3.5A°. The derivative pairs with the 
small interplanar separation may thus be expected to 
experience a considerable destabilization resulting 
from the contribution of this term.
3,4.e a ORBITAL OVERLAP REPULSION
Intermolecular repulsions of this type arise
primarily from overlap between filled orbitals of
hydrogen atoms and between filled CH....CH bond
orbitals. The repulsion energy of this term is generally
calculated by summing over the pair wise interactions
4 2 5 2of the individual orbitals on different molecules. '
The repulsion energy of the individual atom....atom 
or bond....bond potentials is approximated by assuming 
the repulsion energy to be proportional to the square 
of the orbital overlap integral and inversely pro­
portional to the separation of the orbital centres.
A consideration of the geometry of the hydrogen 
atoms and carbon hydrogen bonds in an anthracene 
monomer and the relative geometries in a sandwich pair, 
obviates the fact that a rotation of one molecule of 
the pair about a long molecular axis such that the 
molecular planes are no longer parallel will signifi­
cantly increase the and CH....CH overlap.
However a rotation about the z axis of a molecule
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which will maintain a planes parallel configuration 
will cause a small reduction of the non-bonded repul­
sions. Thus for non-bonded repulsions the most favour­
able orientation will be a small z axis rotation or 
translation of a molecule of a pair rather than a 
rotation which destroys the planes parallel config­
uration .
The repulsions experienced by the constituent 
molecules of a pair which result from contact with the 
hydrogen or carbon hydrogen orbitals of the nearest 
neighbour photodimer molecules, will also be of im­
portance in the determination of the stable config­
urations of the molecular pair. The crystal structure 
of the photodimer matrix will be of major importance 
in the determination of the nature and the size of
the repulsive interactions. Craig, Mason, Pauling 
42and Santry observed that the crystal structure of 
aromatic hydrocarbons are primarily determined by 
a minimisation of the non-bonded repulsions. This 
observation will be of use in the deduction of likely 
crystal structures of photodimer matrices, and by 
consideration of that photodimer structure, the struc­
ture of the dimer pair itself.
In crystals in which the molecules possess 
highly electronegative substituent groups, the mini­
misation of the energy resulting from electrostatic 
substituent repulsions and attractions between mole-
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cules will compete with the effect of the non-bonded 
overlap repulsions, in determining the structure of 
the crystal. The structures of photodimers syn­
thesised from monomers with small dipole moments, 
such as the methyl or phenyl monomers, will be domi­
nated by the considerations of the minimisation of 
non-bonded overlap. The structures of the polar 
photodimers such as the cyano, chloro and to a lesser 
degree the methyl ester molecules will be affected 
not only by consideration of non-bonded overlap 
repulsions, but of minimisation of unfavourable 
dipole-dipole interactions.
Except for those analyses already mentioned in 
Section 3.4.a, no complete determinations of the 
structures of the photodimers used in this work have 
been conducted. For this reason we will now conduct 
an examination of the structures of some representa­
tive photodimer crystal structures which have been deter­
mined, and which will demonstrate the effective inter­
play of the non-bonded repulsion energy and electro­
static energy in determining the crystal structure.
(i) Effectively electrostatically neutral molecules.
40The photodimer of (1 napthyl) 9'anthryl 1,3 propane 
possesses a structure in which the neighbouring 
molecules do not have the remnants of their anthra­
cene molecular planes parallel. In the case of the nap- 
thalene propane anthracene photoadduct, the cyclopentane
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FIGURE 18
The crystal structure of 9 napthyl, 9' anthryl 1,3 propane
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group projects between the ends of the benzene rings 
of the two nearest neighbour molecules.(see Figure 18) 
Consideration of the favourablity of efficient 
close packing and of minimisation of non-bonded re­
pulsions suggests that the phenyl and methyl substi­
tuted photodimers may have similar structures. For 
crystal structures of this type rotations of the mono­
mers created by cleavage of a photodimer will be op­
posed by the non-bonded repulsions of the nearest 
neighbour molecules acting upon the projecting sub­
stituent. The size of the group is expected to bear 
a direct relationship to the difficulty of the ro­
tation of the molecules about their z axes. Rota­
tion of the molecules out of the planes parallel con­
figuration will be less restricted, as the total 
thickness of a pair of monomers including ir orbitals 
is less than the width of the initial photodimer.
(ii) A polar molecule which may be expected 
to pack with a structure similar to that of the 
chloro and cyano groups, for which the crystal struc­
ture has been analysed is the photodimer of 9 anthral-
dehyde . As previously noted the structure of this
44compound has been determined by Ehrenberg who found 
that the molecules were arranged in stacks similar to 
those shown in Figure 15. The trans arrangements 
of the dipoles of each adjacent anthracene moiety 
which composes half of the photodimer is easily dis­
tinguishable in the figure. Ehrenberg has noted that
the oxygen of the aldehyde group at the 9 position 
has a close contact with the hydrogen at the 9' 
position. Although the intermolecular contact dis­
tances were found to be similar to those in non­
polar dianthracene, the alignment of the molecules 
in the anthraldehyde dimer is such that unfavourable 
dipole encounters are avoided, and favourable dipole 
encounters are maximised. It is reasonable to ex­
pect that the 9 cyano and 9 chloro photodimers will 
also crystallise with structures which avoid unfavour 
able contacts. When embedded in such photodimers 
the sandwich configuration for a pair will be highly 
favoured, as a result of the oriented matrix electro 
static interaction.
In the light of the data observed for repre­
sentative molecules which are related to those ex­
amined, it seems advisable to realise the importance 
of both the non-bonded repulsions and strong electro­
static pair-matrix interactions in the determination 
of photodimer structures and pair configurations.
3.4.f TOTAL INTERACTION ENERGY
The total interaction energy is obtained by 
summing the various contributing interactions pre­
viously discussed. Figure 19 is a reproduction of
4 1the results obtained by Chandra and Sudhindra for 
the ground state interaction of two anthracene 
molecules at an intermolecular separation of 3.5A°, 
as a function of long axis rotations of one of the
molecules.
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ANTHRACENE DIMER 
D = 3 2 Ä
- 4 0
Angle of Rotation away from
Sandwich Configuration
FIGURE 19
Variations with the angle of rotation of: 
a.electrostatic b . tt overlap repulsions c.n on-bonded 
repulsion d.charge transfer e . the tt —  tt dispersion 
f.the a - o dispersion g.the total interaction energy 
in an anthracene dimer
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The diagram is included in order to show the relative 
magnitudes and favoured configurations of each of 
the energy terms discussed. An estimation of the 
effect of a rotation of one molecule about its z 
axis may be made by observing the relative magni­
tudes of the individual interactions in the sandwich 
configuration and considering the form of the ex­
pressions for each of these interactions which have 
been discussed previously. In the case of the de­
rivatives used in experiment the electrostatic inter­
action (Figure 18.a) will differ by being negative 
about the sandwich configuration in proportion to 
the molecular dipole size with a deep potential mini­
mum at an angle of rotation of 0^(ie. the sandwich 
configuration). The resultant lowering of the total 
interaction energy near the sandwich configuration 
will make that configuration the most favoured for 
molecules with significant dipoles.
Upon excitation the largest variation will be
in the tt- tt dispersion term which should increase b y
a factor of approximately two for all compounds 
2 6examined. The tt- tt repulsion and charge transfer
will become more negative after the promotion of an 
electron to an unoccupied orbital, thereby compen­
sating the increase in attractive forces.
After excitation the change in the total inter­
action will be to an increasingly attractive poten-
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tial and the preferred conformation the sandwich con- 
figuration.
It is worthy of note that the spectra of the an­
thracene pair evidences an intermolecular coupling 
energy only slightly lower than that of the other 
derivatives. As the intrapair ground state poten­
tial is repulsive, it is possible to conclude that the 
constraining effect of the photodimer matrix which 
primarily originates from the non-bonded repulsions, 
is of some importance in the determination of the pair 
configurations. A comparison of the external dimen­
sions of the dianthracene molecule and a sandwich 
dimer of anthracene monomers, shows both sets of 
dimensions to be approximately the same (see Section 
3.2.d). Thus the size of the site occupied by the 
photodimer will permit only slight relative movement of 
the pair formed by its photocleavage. The total intra­
pair attractive potentials which occur in the derivative 
compounds, will serve to reinforce the close molecular 
association and facilitate the photodimerisation 
process .
3.5 CONCLUSIONS
In conclusion, it has been found that the degree 
of intermolecular association for the 300nm irradi­
ation pairs is a sensitive function of many inter­
dependent repulsive and attractive variables. In 
particular the characteristics of the substituent
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group are of primary importance in the determination 
of the degree of association of the pair, and the de­
termination of the structure of the constraining 
photodimer matrix. The dispersion forces are of 
primary importance in the determination of the shift 
of the spectrum and the conformation of the pair 
after excitation.
The Fulton-Gouterman vibronic coupling treatment 
has been found to be unable to accurately reproduce 
the complete absorption spectra. However used in con­
junction with several simple spectra generated using 
the Born-Oppenheimer procedure developed by Garcia- 
Sucre et. a l ., an adequate analysis of the pair char­
acteristics has been possible. In particular the 
difference in the wavelengths of absorption predicted 
by the two methods has been found to be small. The 
primary inadequacy of the Fulton-Gouterman approach 
has been its inability to predict the distribution 
of the intensities of the absorption bands. It 
is unfortunate that the photodimer matrix absorption 
at approximately 290nm, has prevented further con­
firmatory data concerning the coupling from being 
extracted from the absorption spectrum of the monomer
B „ derived dimer state.3u
A quantitative explanation of the observed red 
shift of the dimer bands, arising from differences 
in the stabilisation energy in the ground state
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and excited state has not been possible. Indeed ex­
perimental errors in the determination of centres of 
gravity of dimer and monomer states, in conjunction 
with the extreme complexity of evaluating the many 
interaction parameters make the validity of any quan­
titative estimation of the intermolecular interaction 
potential open to question. Predictions of any pre­
cision in this area must await the exact solution of 
the photodimer crystal structures, from which more 
precise values of the dispersion and electrostatic 
interaction energies for pair-matrix and intrapair 
terms may be extracted.
The conclusions drawn in the analysis of the 
spectra, and the ground and excited state pair and 
matrix interactions, have however, furnished suf­
ficient data to satisfactorily explain the photo­
reactive behaviour of each of the compounds.
3.6 DISCUSSION
The appearance of the type B dimers with photo­
reaction rates which differ distinctly from those of 
the type A dimers, underlines the importance of the 
role of the dimer matrix in the promotion or hin­
drance of the photodimerisation process. The sug-
19 2 0gestion made by Ferguson, Mau and Morris ' that 
the solvent cage plays only a passive role in con­
straining the molecules of a pair is obviously not 
applicable to the photodimer matrix. In the case of 
the type B dimers a large number of molecules have
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been photolysed and the effect of the interpair and 
intrapair interactions becomes more difficult to dis­
tinguish than is the case for the type A pairs.
The aggregates of molecules which are formed will be 
able to rearrange with greater ease than the type 
A dimers. The unit quantum yield of photodimerisation 
may thus, not be attributed solely to the interaction 
of the molecules within the pair. The effect of the 
matrix in maintaining the topochemical configuration 
most conducive to dimerisation must be recognised.
The minimisation of the energies of interaction, 
dealt with in Section3.4, of all the molecules in a 
particular aggregate, results in a packing arrangement 
which is an expression of the electronic properties 
of the monomer, on a level which differs from that of 
the type A pair interactions. At this level of 
interaction the effect of monomer molecules other 
than the nearest neighbours may be expressed through 
the minimisation of the energies of interaction of 
the total number of molecules (N>2) composing the 
aggregate. The small line width and the reproduca- 
bility of the absorption bands of the anthracene and 
methylanthracene type B pairs is indicative of a 
uniform intermolecular interaction. The number of 
molecules composing an aggregate (N) must therefore 
be assumed to be either a small but constant number 
ie. N = 4, or a very large number such that bulk
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interactions predominate over surface interactions 
of the aggregate. As no spectra attributable to 
intermediate values of N where N>>2 are observed 
the assumption of the presence of tetramers seems 
reasonable, however resolution of this particular 
question will require that further data be obtained.
The final conclusion which may be drawn from 
this group of experiments, is that the unusual photo- 
dimerisation rates resulting from the rearrangements 
are expressions of the collective interaction of the 
N monomer molecules, and serve to emphasise the im­
portance of ground state interactions upon the excimer 
fluorescence process, and especially upon photo­
reaction.
3.7 FLUORESCENCE SPECTRA
All of the fluorescence spectra of interest
to this work are excimeric in nature. Both experi-
5 8mental and theoretical considerations indicate that 
the excimer state is intimately involved in the photo- 
dimerisation process. The results observed for the 
type A and B photodimers shown in Table 3, suggest that 
excimer fluorescence will only occur if some hindrance 
to photodimerisation exists. An examination of the 
excimer fluorescence is thus of importance in gaining 
an indication of the size of intermolecular forces 
between the two molecules of a pair before and after 
excitation, in addition to obtaining an indication of
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of their ground state geometry. To assist in the an­
alysis of the fluorescence phenomena, we begin this 
section with a brief account of simple excimer theory 
and then move to an examination and interpretation 
of the excimer fluorescence spectra of:
(i) Type A and Type B pairs.
(ii) Sandwich pairs embedded in 
methylcyclohexane at 10K
and the fluorescence activation spectra of these pairs. 
3.7.a THE EXCIMER STATE
11 12 13Azumi, Armstromg and McGlynn, ' ' Murrell and
15 14Tanaka and Konijnberg, have shown, in independent 
publications, that the anomalous emission of the ex­
cimer state may be explained by invoking configuration
9 10interaction between the charge resonance ' and
5excitation resonance states. Table II of the paper
13of Azumi and McGlynn shows quite clearly that the 
representations of the charge resonance and excitation 
resonance states are the same for all point groups 
examined in Section 2.3. The theory presented in the 
remainder of this subsection fits within the frame­
work of the formalism of Chapter 2, and except for 
differences in notation is very similar for each 
group of authors.
The ground and excited state wave functions 
of the molecules were synthesised by a consideration 
of only the highest occupied molecular orbitals 
and the lowest and next to lowest unoccupied molecular 
orbitals of each molecule. The implications of such
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an assumption is that the more tightly bound electrons 
of the other molecular orbits were considered to be­
have identically in the ground and excimer states.
The overall problem was then reduced to a four electron 
analysis rather than 2n electrons, where n is the 
number of electrons in each molecule.
The dimeric wavefunctions were expressed by 
product functions of the four orbitals derived from the 
two basic orbitals of each molecular transition,
and formed bases for the irreducible representations
11 15of the dimer point group ' ) . The explicit forms
of these functions may be found in the papers.^'^2' ^ ' ^  
Here we will use the crude notation for the zero order
functions of Azumi and McGlynn.^
Thus for any dimer representation (R )
K.
The charge resonance state is represented by|CR(R^)>
The excitation resonance state is represented by
I Exc (R. ) >1 k
Following the formalism given in Section 2.3 
the energies of the configurationally interacted 
or excimer states could be calculated by the solution 
of a secular equation of the form of Equations 2.22 
and 2.23, ie.
H -E aa H , - S , Eab ab
H , - S , E H -Eab ab bb 3 .6
where H = <Exc(R ) |h |e x c (Rv)> corresponds to the a a k K
excitation resonance interaction energy
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= < C R ( R ^ ) I H I C R ( R k )>is the charge resonance 
interaction energy
= <Exc(R^) I H I C R (R ^ )> is the interaction of 
the e xcitation  and charge resonance states 
S ^ = < E x c ( R k ) | c R ( R k )> is the overlap integral 
of the e x c i tation resonance and charge 
resonance states
H is the Hami l t o n i a n  of the system.
i n c l u d i n g - e l e c t r o n - e 1ectron repulsion terms
- e l e c t r o n - a t o m i c  core attr action terms 
both of which are dep e n d e n t  on the interplanar separation.
The solution of the secular equations then r e n ­
dered the energies and the coefficients of mixing of 
the c o n f i g u r a t i o n a l l y  interacted states.
The final wave functions were expressed as linear
com bin at ions of the dimeric functions
12e.g. after Azumi and McGlynn 
j E x c i m e r (R )>= a| E x c ( R  )> + b| cR(R )> 3 . 7
By adjusting the value of E in Equation 3.6
such that it was relative to the ground state energy
of the dimer, the charge resonance and excitation resonance
energies were exposed by the simple relationships:
M 2e.g. H (B„ ) = E aa 3 g ; “ monomer B 
where M is the mo nomer B
3 u R 
transition moment
3 .8
R is the m o l e c u l a r  interplanar separation 
Hb b (B3g> " 1 - A - C
where I is the mo nomer ionisation potential  
A is the mo nomer electron affinity 
C is the coulombic interaction of the charge
3 .9
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resonance state and is a function of R 
By variation of the value of R (and Z the ef­
fective nuclear charge) the energy curves of the con­
figurationally interacted state were generated, (see 
Figure 20) The results of these calculations satis­
factorily accounted for the unusually low energy of 
excimer fluorescence. The energies of the states were 
found to be sensitive to the selected value of 
either R or Z. Their results may be open to some 
criticism on the basis of the arbitrary nature in 
which the adjustable parameters of the effective 
nuclear charge and the interplanar separation may 
be varied to obtain transition energies in agree­
ment with experiment. It is however, noteworthy 
that the final values of the parameters which gave 
rise to identical experimental and theoretical excimer 
transition energies, were within the limits of physi­
cal feasibility.
The transition to the ground state was assumed 
to be of B3g symmetry, as this was the lowest ex­
cited energy level. From the diagram it may be seen 
that decreasing interplanar separation will decrease 
the energy of the excimer state, resulting in a 
fluorescence emission of lower energy. Because any 
rotation away from an eclipsed sandwich configuration 
will decrease the orbital overlap the stabilisation 
of the excimer state will also be decreased. In the
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Interplanar  Separat ion (A)
FIGURE 20
The energy of anthracene excimer states as a function
12of interplanar separation after Azumi
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light of these theories we may now be able to make 
some important qualitative observations concerning 
the emission spectra of the derivative pairs.
3.7.b EXCIMER FLUORESCENCE SPECTRA OF TYPE Ä 
AND TYPE B PAIRS
The major problem encountered in this work was 
the separation and assignment of the fluorescence 
spectra of the two different types of pairs. By con­
ducting fluorescence excitation spectra in which the 
intensity of excimer fluorescence is measured as a 
function of wavelength of exciting light, it was pos­
sible to determine conclusively the absorption species 
which gave rise to a particular fluorescence spec­
trum. In this section we will examine the fluorescence 
spectra of type A and type B pairs concurrently.
Table 9 records the frequencies of the excimer 
intensity maxima observed at 6K and 180K for the 
excimer fluorescence of the pairs examined, and the 
energy differences between the excimer intensity 
maxima and the lowest energy absorption bands of the 
fluorescent species.
Figure 21 shows the fluorescence spectra of a 
crystal containing only type A pairs, of a crystal 
containing type A and type B pairs, and a crystal 
containing only type B pairs. Each of the spectra 
presented are reprentative of the spectra of other
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FIGURE 21
The 6K excimer fluorescence spectra of:
a. Anthracene Type A Pairs A - 370 nm
V A
b. Anthracene Type A and Type B Pairs ^ex“ 390nm
c. Methylanthracene Type B Pairs XPY~ 4IOnm
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molecular species which exhibit excimer fluorescence.
The spectra of the remaining fluorescent species are 
not presented as no further information may be ob­
tained by their inclusion.
The time dependence and conditions of formation 
of either the type A or B pairs which were observed 
in absorption experiments, were found to be identical 
to those for the appearance of the excimer fluorescence 
of each of the species shown in Table 9.
It was found that the frequency of the intensity 
maximum of the fluorescence shifted to higher energies, 
for all the pairs examined, when the temperature was 
raised above 6K. The magnitude of the shift was a 
function of the size of the increase in temperature 
but also a function of the particular pair under ex­
amination. The increase in the energy of the emission 
may be interpreted in terms of the theory of the excimer 
state. The larger emission energy implies that the 
stabilisation of the configurationally mixed excimer 
level, relative to the higher energy non excimeric 
level, has been decreased by a reduction in orbital 
overlap arising from an increase in interplanar sep­
aration or a rotation away from the sandwich configu­
ration. Either of the above movements will decrease 
the contribution of the charge transfer state to the 
configurationally interacted excimer state. The ex­
cimer state will then assume more of the character
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of the state which results from excitation resonance 
alone. The shift in the position of the maximum of 
the fluorescence of the type A pairs of anthracene 
and phenylanthracene was found to be reversible.
The chloroanthracene type B excimer fluorescence 
did not shift detectably between 6K and 180K, whilst 
a total irreversible shift of approximately 200cm  ^
was observed between 6K and 300K.
The methylanthracene type B excimer fluorescence 
shifted more significantly than the chloroanthracene 
fluorescence. As shown in Table 9 a variation of 
400cm  ^ was observed between 6K and 180K. If these 
type B pairs were allowed to relax completely by 
raising the temperature to 300K, subsequent fluorescence 
spectra conducted at 6K showed the intensity maximum 
had shifted by approximately 200cm 1 to higher energy. 
This shift occurred concurrently with the small ir­
reversible shift which was noted in the absorption 
spectra when the pairs were permitted to undergo re­
laxation. We interpret the shift to shorter wavelength 
in the maximum of fluorescence intensity, to be the 
result of a rearrangement of the pairs which causes 
a decrease in the overlap between the molecules.
The fluorescence of the anthracene type B pairs 
was found to shift irreversibly to shorter wavelength 
as the temperature was increased. Unlike the chloro 
and methylanthracene type B pairs the anthracene
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pair fluorescence was not quenched, as the temperature 
was increased to 300K, but moved to higher energies 
immediately below the lowest absorption band wave­
length, and assumed a structured form. This result 
may have been anticipated in the light of the inter­
pretation of the relaxation process presented in 
Sections 3.3.b and 4.3 for anthracene type B pairs.
The structured emission may be assumed to belong 
to the completely relaxed anthracene aggregates in 
which adjacent molecules do not have parallel mo­
lecular planes.
The fluorescence of the phenylanthracene pairs 
was unusual in that among all the compounds examined 
complete quenching did not occur until 30° - 40° 
above room temperature. The emission was, however, 
excimeric in nature at all temperatures, and it was 
found that maximum photodimerisation rate was achieved 
at temperatures near 320K. It is our conclusion that 
the quantum yield of photoreaction was not unity at 
room temperature, as has been observed for all other 
type A compounds, because the large steric effect 
of the phenyl group hinders reaction. Thus the ex­
cited molecules were able to undergo radiative tran­
sition from the excimer state which has a shorter 
lifetime than the hindered photodimerisation process.
The measurement of the difference in energy of
the excimer state, relative to the three lowest energy
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bands of the fluorescent species, will give a rough 
indication of the magnitude of the stabilisation re­
sulting from the excimeric interaction. By use of 
the theory we then have an indication of the orbital 
overlap and separation of the molecular centres.
Reference to the calculated energy differences 
permits us to make some useful observations. For 
the type A dimers of methyl, chloro and cyano anthra­
cene, the configuration of the dimers appears to 
be such that although the excimer state may be formed, 
no fluorescence is observed because the molecules
react with 100% efficiency. We may add that the
11 12 13analysis of Azumi, Armstrong and McGlynn ' '
15and Murrell and Tanaka should not be capable of 
producing any experimental fluorescence results for 
anthracene, as a basic assumption of their theory was 
that the molecules overlap perfectly. It is now 
apparent that any perfect sandwich dimer of anthracene 
which is sufficiently closely associated to form an 
excimer will photodimerise immediately.
We will now examine the various stabilisation 
energies calculated from experiment for each of the 
compounds.
The difference between the stabilisation energies 
of the anthracene and phenylanthracene type A pairs 
indicates that the anthracene molecules overlap sign­
ificantly more than the phenylanthracene molecules.
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This difference in overlap may be expected from a 
consideration of the differences in steric factors be­
tween the two molecules, and is reflected in the values 
of the excitation exchange parameter e derived from 
the absorption spectra. Notably the value of the 
difference for phenylanthracene(640Ocm ^), is nearer 
to the stabilisation values calculated for the type 
B dimers than the type A dimers. We may take this 
as an additional indication that the steric hindrance 
of the phenyl groups has been effective in preventing 
the close approach of the molecules.
The values of the differences between excimer and 
absorption energy of the type B dimers are all smaller 
than the type A values. Once again the difference 
between the values is anticipated from the interpre­
tation of the mode of formation of the type B pairs 
as monomer aggregates with non eclipsed sandwich 
configurations.
The value of the energy difference for anthracene 
(5,700cm ^) at 6K prior to relaxation is the largest 
shown for the type B pairs. The wavelengths of the 
absorption spectra are coincident with those of the 
type A pairs. We conclude that at this stage of the 
relaxation, the pairs are still closely associated.
We may thus conclude from an observation of the 
experimental fluorescence results that the two dif-
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ferent types of pairs observed will possess distinct 
fluorescence spectra predictable on the basis of the 
degree of the interaction of the molecules in a 
pair .
The type A dimers which exhibit no excimer fluorescence 
presumably interact sufficiently to permit a lowering 
of the energy levels of the dimer of sufficient size 
to ensure the occurrence of photodimerisation. The 
methylanthracene type A pairs were examined at 2.2K 
in a fruitless attempt to observe excimer fluorescence.
At this temperature photodimerisation still occurred 
with unit quantum efficiency. We therefore conclude 
that the time taken for photoreaction for these pairs 
is significantly smaller than the excimer lifetimes.
The other pairs which exhibit excimer fluorescence 
must therefore not possess a perfect sandwich con­
figuration. The degree of stabilisation of the ex­
cited state which occurs upon excimer formation, 
will be a direct result of the magnitude of the ground 
state orbital overlap and interplanar separation, 
which are both functions of the matrix and intrapair 
interactions.
3.7.C EXCIMER FLUORESCENCE SPECTRA OF SANDWICH PAIRS 
EMBEDDED IN METHYLCYCLQHE XANE
In this section an examination is made of sand­
wich pairs created by photolysis of the appropriate 
dianthracenes, embedded in me thy1cyclohexane at IOK.
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The experiments were conducted in order to ob­
serve the behaviours of different derivative pairs 
embedded in identical matrices. Methy Icyclohexane 
was used as a solvent because it has been found to
possess the most suitable properties for low tem-
_  ■  ^  ^ 19,20,26perature ultraviolet spectroscopy. The
examinations were all conducted at 10K, at which tem­
perature the "hardness" of the frozen solvent is 
maximised. A comparative study with the spectra of the 
extremely "hard" photodimer matrices is thus possible. 
Unfortunately the disorder in the orientations of 
the dissolved photodimers limits the extraction of 
polarisation data, which was possible in the case of 
the photodimer matrix experiments. However the in­
variance of the matrix and pair interaction from 
compound to compound in solid solutions, permits a 
precise comparison of intrapair interactions, which 
was not feasible for the photodimer matrix experiments.
At temperatures below approximately 50K internal 
stresses are generated, which cause the solvent glass 
to crack extensively and the measurement of absorption 
spectra is not possible. In order to circumvent this 
difficulty fluorescence excitation spectra have been 
conducted. In these spectra the intensity of excimeric 
fluorescence is determined as a function of the wave­
length of exciting light. This technique possesses the 
advantage that if two or more species giving rise to
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excimer fluorescence are present, then the intensities 
of their respective fluorescences may be determined 
independently by the use of appropriate analysing 
filters.
The gross features of the behaviours of those 
pairs, for which the corresponding photodimers were 
found to be sufficiently soluble in methylcyclohexane, 
are set out in Table 10.
Compound Sandwich di­
mers easily 
formed?
Excime r
fluorescence
present?
Rephoto- 
dimerisat
anthracene yes red & green very slow
methylanthracene yes red & green very slow
chloroanthracene no very weak yes
cyanoanthracene no very weak yes
APA yes green yes
TABLE 10
The observed properties of molecular pairs embedded in 
methylcyclohexane at 10K. The compound abbreviated as 
APA is the propane bridged molecule b i s (9-anthry1) 1,3 propane
The formation of the chloro and cyano sandwich pairs
was found to be an extremely slow process. Any pairs
which were created after prolonged irradiation with
250-300nm light, were quickly rephotodimerised when
subjected to 365nm radiation. A similar observation
18has previously been made by Chandross and Ferguson, 
concerning the reactivity of cyanoanthracene pairs em­
bedded in solid solution at 77K. Presumably the mutual
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attraction of the large permanent dipoles of these 
two derivatives(see Table 1), in conjunction with 
the constraints imposed by the solvent matrix at 
10K, maintain the monomers constituting the dimer 
in a configuration highly favourable to rephoto­
dimer isation . The spectra of these compounds were 
not sufficiently intense to permit any further quan­
titative observations to be made and as a result are 
not presented.
Both the anthracene and methylanthracene photo­
dimers underwent significant photocleavage when ir­
radiated with 250-300nm light. The fluorescence 
spectra which were observed after photocleavage are 
presented in Figure 22. The spectra of both of the 
compounds show two excimeric emissions, which appear 
in the green and red regions of the visible spectrum. 
The measurement of the growth rate of the intensities 
of the fluorescences demonstrated that both the red 
and the green emitting pairs were produced at the 
same rate. It was found that the red excimeric e- 
mission was quenched, and the green emission aug­
mented, after the solid solution was permitted to 
soften by increasing the temperature to 77K. We 
conclude that the red excimer emission arises from 
a non eclipsed sandwich dimer which possesses a greater 
degree of orbital overlap than the green emitting 
species. If the temperature was raised above 80K,
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FIGURE 22
The Fluorescence spectra of
a. anthracene pairs Ae - 392 nm
b. methylanthracene pairs Ae“ 390nm 
which were created by photocleavage using 250- 
300nm light of the corresponding photodimers
embedded in methylcyclohexane at 10K.
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the emission shifted to wavelengths nearer to the monomer 
emission and assumed a structured form. Complete liqui- 
fication of the solvent, followed by recooling to 6K, 
resulted in the observation of normal monomer fluorescence.
The compound b i s (9-anthry1)1,3 propane(APA), was 
examined in the solid solution to determine what 
effect the linking aliphatic group would have upon 
the configuration of any dimer pairs created by photo­
cleavage at 10K. The irradiation of the embedded 
photodimers of APA with 250-300nm light caused the ap­
pearance of an excimer like emission centred on 490nm.
The green fluorescent species was found to be stable 
to 365nm radiation over prolonged periods. When the 
temperature was raised to 75K a weak excimer like 
emission appeared in the region 550-620nm. The ap­
pearance of this emission which lay to lower energy 
from the green emission prompted further investigation 
of the properties of the pairs at 10K. Quantitative 
room temperature measurements were made of the concen­
trations of the photolysed molecules in solutions of the 
photodimer, which had been subjected to various amounts 
of photocleaving and photodimerising light at 6K.
The results of these measurements indicated that a 
nonfluorescent sandwich dimer was created in solid 
solution in addition to the green fluorescent species, 
and was readily rephotodimerisable at 6K using 365nm 
light. Consideration of the data presented above,
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leads to the conclusion that a molecular pair which 
possesses an almost perfect eclipsed sandwich config­
uration is present in solid solution at 10K. Presumably 
the constraints imposed by the solvent matrix at 6K 
are augmented by the bridging propane group, which 
effectively prevents translation or rotation of the 
two anthracene moieties away from the eclipsed sand­
wich configuration. The occurrence of the photoreaction 
of APA is unusual because the product of the dimeri- 
sation is in a cis or head to head configuration.
The presence of a cis eclipsed sandwich configuration 
of the substituted anthracene moieties prior to re­
photodimer isation, will be repulsive in the ground 
state. The instability of this configuration arises 
because the permanent dipoles, which are induced by 
the presence of the propane group, are in a parallel 
head to head arrangement. The repulsive dipole- 
dipole term will make the eclipsed sandwich config­
uration energetically even less favourable for APA 
than for anthracene which possesses no permanent di­
pole .
We may conclude that the presence of an eclipsed 
sandwich configuration is an important prerequisite 
for facile photodimerisation. The attractive or 
repulsive electrostatic interaction appears to be 
of significance to the photodimerisation process 
only if it is sufficiently large to enforce an e-
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FIGURE 23
The fluorescence excitation spectra of:
a. Anthracene pairs(green excimer monitored 505nm)
b. Anthracene pairs(red excimer monitored 570nm)
c. Me thy 1anthracene pairs (green excimer monitored 490nm)
d. Methylanthracene pairs(red excimer monitored 590nm) 
which were created by photocleavage of the respective 
photodimers embedded in me thylcyclohexane at 10K.
clipsed sandwich configuration. The photochemical re­
action of APA pairs at 10K is dominated by steric effects 
rather than by electrostatic interaction. A more 
thorough discussion of the factors effecting photo­
reaction will be made in Chapter 4.
Figure 23 shows the fluorescence excitation spectra 
of the anthracene and me thylanthracene pairs which emit
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in the red and the green regions of the visible spec­
trum. The spectra presented bear some obvious simi- 
laritites to the spectra of the same derivative pairs 
embedded in their respective photodimers. The most 
notable points of similarity of the excitation spectra 
of the red fluorescent species, is the fact that the 
second absorption band of the progression gives rise 
to the most intense fluorescence, and that the energy 
separation of the first and second peaks is greater 
than those of the higher energy peaks of the pro­
gression. Both of the above features were prominent 
in the photodimer matrix spectra of anthracene and 
methylanthracene type A pairs. In the excitation 
spectra of the green fluorescent species the absorp­
tion which gives rise to the greatest intensity is 
the lowest energy band. No shift in the wavelengths 
of the absorption maxima of the bands is discernible 
between the red and green fluorescent pairs. Table 
11 shows the frequencies of the lowest energy absorp­
tion bands observed for each of the pairs, in addition 
to the frequency of maximum emission intensity of 
the corresponding excimer and the difference between 
these two values. Comparison of the values presented 
in Table 11 with the values noted for the corresponding 
compounds in Table 9 reveals that the stabilisation 
of the energy levels which results from excimer for­
mation, is similar in size to that observed in the
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Compound Lowest energy Excimer inten- Difference
absorption sity maximum -1, , cm
cm cm
anthracene 25,900 19,600 6,300
26,000 17,900 8,100
methylanthracene 25,300 20,000 5,300
25,300 17,100 8,200
TABLE 11
a. The frequencies of the lowest energy absorption bands
b. The frequencies of the excimer emission maximum
c . The difference between the values of a. and b.
The values of a. and b. are obtained from the spectra 
of pairs created by photocleavage of the corresponding 
photodimers embedded in methylcyclohexane at 6K.
solid state. An exception is the me thylanthracene red 
fluorescent species, which possesses no counterpart 
in the photodimer matrix experiments. By comparing 
the absorption and fluorescence spectra we draw a rough 
analogy between the photodimer embedded pairs and the 
methylcyclohexane embedded pairs. The intensity dis­
tribution and vibronic band energy separations of 
the excitation spectra of the red fluorescent species 
is similar to that of the room temperature type A 
absorption spectra. Thus the type A pairs of the 
photodimer matrix may be considered to correspond 
to the red fluorescent species in the methylcyclo- 
hexane matrix. The excitation spectra of the green 
fluorescent species is similar to the absorption 
spectra of the type B pairs. The green fluorescent 
species display the spectral characteristics of pairs
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which possess less orbital overlap than the red 
fluorescent species. The form of the excitation 
spectra of the red fluorescent species suggests, in 
the light of the theory presented in Section 2.4, 
that the coupling parameter (e) is larger for the red 
species than for the green emitting species. (Refer to 
Figures 10 and 11 for examples of the effect of varia­
tion of e in theoretical calculations) However the 
envelopes and energy separation of the vibronic bands 
of the observed spectra indicate that the type A 
pairs possess a higher value of e at 6K, than the 
red fluorescent pairs.
We conclude that the green fluorescent pairs 
occupy sites where internal stresses have caused the 
glass to crack, and as a result some translation or 
rotation of the molecules has become possible. The 
very weak excimer emission of the cyano and chloro 
anthracene pairs indicates that the dipole moments 
of these molecules are sufficiently large to make the 
adoption of an eclipsed sandwich configuration favour­
able in the ground state. It is evident that the 
absence of a permanent dipole in anthracene, and 
the weak dipole of methylanthracene will not result 
in a ground state potential which is sufficiently 
attractive to maintain an eclipsed sandwich configur­
ation between the molecules of a pair, and at sites 
where the glass cracks the molecules will rotate or
13 8
translate away from each other. The pairs which emit 
in the red region of the visible spectrum, are 
presumed to be sandwich pairs which are embedded in 
regions where the glass has not cracked. The ro­
tation or translation of the molecules within such a 
pair, is expected to be more difficult than for the 
species to which the green fluorescence is attributed. 
The inability of the permanent moments of anthracene 
or methylanthracene to maintain an eclipsed sandwich 
configuration is confirmed by the presence of the 
red excimer emission. For these compounds both the 
constraints imposed by the solvent matrix and the 
permanent moment interaction are insufficient to 
maintain a perfect sandwich configuration, and thus, 
the time taken for photoreaction exceeds the lifetime 
of the excimer state.
The facility of the rephotodimerisation at 6K 
of a cleaved APA photodimer, suggests that the addi­
tional constraint imposed by the propane bridging 
group is sufficient to make the process of photo-
dimerisation faster than the process of excimer
59fluorescence. Recent work conducted by Morita 
demonstrates that the photoreaction of (9,10) (9,10) 
anthracenophane in a solid solution at 6K occurs 
with a quantum yield of unity. This observation is 
corroborative evidence supporting the suggested im­
portance of the role of the aliphatic linkage group
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in promoting photoreaction, by maintaining an eclipsed 
sandwich configuration.
The solid solution experiments have demonstrated 
that the methylcyclohexane matrix at 10K does not 
impose constraints upon the pairs which are as power­
ful as those generally imposed by the photodimer ma­
trix. The coincidence of the absorption energies 
of the red and green fluorescent species in methyl- 
cyclohexane at 6K supports the contention that the type 
B pairs are the result of the formation of aggregates. 
The shift in wavelength of absorption which is ob­
served in the photodimer matrix experiments between 
the type A and type B pairs, is a consequence of the 
change in the ground state dispersion interaction and 
excitation resonance energy. This change results 
from the rearrangement of the pairs to monomer like 
aggregates. A rough analogy may thus be drawn be­
tween the type A pairs and the red fluorescent species, 
and the type B pairs and the green fluorescent species. 
The green fluorescent species and the type B pairs 
are energetically more stable in the ground state 
than the type A pairs or the red fluorescent species 
whose geometries are the result of a strong external 
matrix interaction. The reactivity of the chloro 
and cyano anthracene pairs in solid solution at 10K, 
has confirmed that provided the molecular dipole is 
sufficiently large, the permanent moment interaction
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is of importance in the determination of the rate of 
photoreaction. The presence of red excimer emission 
for methylanthracene pairs, demonstrates that the dipole 
moment interaction for this compound is not suffi­
ciently large to prevent the rotation or translation 
of the molecules of a pair. We may thus conclude 
that the constraints imposed by the me thy1anthracene 
photodimer matrix upon the type A pairs, are the most 
important factors promoting photoreaction for this 
compound. The observed facility of this cis intra­
molecular photodimerisation of APA in solid solution 
at 10K, supports the suggestion that the intrapair 
configuration prior to excitation is the most impor­
tant factor governing photodimerisation rates.
Subsequent to excitation the intrapair potential 
becomes attractive for all of the compounds examined, 
as a result of the increase in the dispersion inter­
action energy. Photoreaction will ensue if the anth 
racene moieties of the pair are near to the eclipsed 
sandwich configuration. When the molecules are not 
near the eclipsed sandwich orientation, the lifetime 
of the excimer state may be shorter than the time 
taken for the photoreaction process to occur. The 
consequence of the slower rate of photoreaction is 
the appearance of excimer fluorescene.
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CHAPTER FOUR 
PHOTOREACTION
In this chapter an examination is made of current
theories which are pertinent to the photodimerisation
process, and an attempt is made to relate these theories
to experimental observations. The dimerisation process
in the solid state is extremely complex and has been
3 3the subject of many papers. A comprehensive analysis
which adequately explains all the data collected to 
date is however, yet to be presented. The lack of an 
adequate analysis may be the result of a paucity of 
unambiguous data, and further investigations will ap­
parently be required before an adequate explanation 
is forthcoming.
In this discussion frequent use will be made of 
the conclusions which were drawn from the spectroscopic 
analysis presented in previous sections. A knowledge 
of the ground state configuration of the pairs, and the 
degree of stabilisation which occurs upon excimer for­
mation are of tantamount importance in the elucidation 
of the process of photoreaction.
Reference will also be made to the photodimerisation 
results which were previously presented in table 3.
To these data may be added the observation that the 
cleaved photodimer of APA embedded in the dimer crystal 
undergoes photodimerisation with a quantum yield of 
unity, and without the emission of detectable fluorescence. 
The APA photodimer cleaved in methylcyclohexane at 6K,
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also photodimerises with a quantum yield approaching 
unity , and emits no detectable excimer fluorescence 
until permitted to relax by softening the glass by 
heating.
The methods used to derive the quantum yields 
of reaction and the activation energies are outlined 
in chapter 5. For the present we will simply use these 
results without referring to the methods by which they 
were obtained.
4.1 REACTION PATHWAYS
The various reaction equations which are relevant 
to the solid state photodimerisation process are 
listed be low.
*A • A + hv -----► ( A • A )
* Ö V(A • A ) -----*  ( A • A )
0 X(A • A ) -----> (A • A ) + hvf
(A • A ) S X -----* A 2 - AH 4.1
A •A represents the ground state pair
*(A •A ) represents the excited pair
0 X(A •A ) represents the excimer state
A2 represents the photodimer.
The internal conversion and intersystem crossing 
processes are not listed because the sums of the quan­
tum yields of fluorescence and dimerisation have been 
found to be unity within the limits of experimental 
error for nearly all the reactions examined. The 
principal advantage of the use of the dimer matrix 
for the observation of the photodimerisation is the 
small number of equations which are required to de-
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scribe the entire process. Because of the constraining 
effect of the photodimer matrix a molecular pair may 
be regarded as a "supermolecule". The individual 
reactions listed above may therefore be treated as 
unimolecular processes. Analysis of solution phase 
photoreactions may require the kinetic determination 
of ten or more different reaction processes before any 
conclusions may be drawn concerning dimerisation 
rates or reaction mechanisms. The additional compli­
cation of the presence of diffusion control must be 
considered in solution phase experiments.
The excimer state has been shown to be an inter­
mediate in the dimerisation reaction by several ex- 
penmental studies. The presence of other
short lived intermediates is however quite plausible, 
and should not be overlooked.
4.2 CLASSIFICATION OF REACTIONS
Several workers have attempted to formulate 
a broad classification of the different types of 
photoreactions which are possible. Use will be made
in this work of the classification system devised by
_ 5 9Forster.
Almost all thermal reactions occur entirely on 
the ground state potential energy surface. If elec­
tronic excitation or de-excitation are considered to 
be purely physical processes, then the photoreactions 
may be roughly divided into three reaction categories. 
The generalized forms of the reactions are set out
below.
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* v i b rX + hv -----*■ X -----> X -----*- Y I
*-----> Y ------- *■ Y II
------------------- > Y III
where X represents reactants and Y represents products.
A type I reaction occurs through electronic 
excitation of the reactants, followed by relaxation to 
a highly vibrationa1ly excited.ground state . (Figure 24.i) 
The vibrationally excited reactant then undergoes 
thermal reaction to form the product molecules.
In type II reactions the molecule undergoes 
reaction along the excited potential energy surface, 
resulting in the formation of an excited product 
molecule, which then decays to the ground state.
(Figure 24 . ii)
Type III reactions usually occur for systems in 
which the excited state and ground state potential 
energy curves approach each other sufficiently 
closely to permit radiationless relaxation between 
the two surfaces. (Figure 24.iii)
By making an examination of the conclusions 
drawn from the spectral analysis presented in previous 
sections, we may classify the photodimerisation 
reaction employing Forster's scheme. It has been 
noted experimentally that there are two possible
i
outcomes of the excitation of one molecule of a pair
2 4embedded in the photodimer. These outcomes are:
a. An excimer may be formed and subsequently 
relax radiatively to the ground state po-
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FIGURE 25
P r e l i m i n a r y  P o t e n t i a l  E n e r g y  D iag r am  o f  t h e  
p h o t o r e a c t i o n  o f  an  a n t h r a c e n e  s a n d w i c h  p a i r .
V i s  t h e  p o t e n t i a l  e n e r g y  
Qr  i s  t h e  r e a c t i o n  c o o r d i n a t e
t e n t i a l  e n r g y  s u r f a c e  w i t h o u t  t h e  p a i r  
u n d e r g o i n g  a  p e r m a n e n t  c h e m i c a l  c h a n g e ,  
b .  T h e  e x c i t e d  m o l e c u l e  ma y  u n d e r g o  r e a c t i o n  
w i t h  t h e  o t h e r  m o l e c u l e  o f  t h e  p a i r  t o  g i v e  
a n o n  f l u o r e s c e n t  p h o t o a d d u c t .
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The reaction pathway a. corresponds to a type I reaction. In those cases
where the photoreaction proceeds to the final dianthracene molecule the
reaction may be classified as a type III photoreaction with the excimer
state as a stable intermediate. Figure 25. is a preliminary potential
energy diagram of a reaction sequence for a reactant which is initially
93 94in a non eclipsed sandwich configuration, ' Potential energy diagrams 
of this type should be used with caution. The plots are an extremely poor 
representation of the photoreaction, because the use of a single reaction 
coordinate grossly understates the complexity of the reaction. The diagram 
has been presented in order to facilitate the discussion of the gross 
features of the reaction. An accurate diagrammatic representation of the 
reaction process is impossible, because the reaction occurs on an N 
dimensional surface (N may easily be greater than 3).
Several points in the above diagram require some discussion. The 
"reaction coordinate" does not simply refer to the interplanar separation 
of the molecules of the pair, which are not presumed to be initially in an 
eclipsed sandwich configuration. In addition to a decrease in the interplanar 
separation, some translation of the molecules must also occur before a 
topocheraical geometry is achieved. The small potential humps a, and b. on 
the excited electronic surface are included as a representation of the 
possibility that a barrier may exist:
to the achievement of a geometry conducive to 
excimer formation(hump a.)
to photoreaction of the excimer (hump b.)
The steep potentials which constrain both the ground state pair and 
excited dimer to remain in close association are a direct consequence of 
the repulsive effect of the surrounding photodimer matrix. The ground 
state barrier at c is the normal barrier to thermal reaction. The most
14a
important feature of the diagram is the position along the reaction
coordinate of the minimum of the potential well on the excited state
surface relative to the maximum on the ground state surface. In a
non-radiative transition between two surfaces, the internal conversion
process obeys a rule similar to the Franck-Condon principle as applied
77to radiative transitions, That is, the internal conversion process
between the two surfaces will occur approximately vertically in figure 25.
77As was stated by Michl. "...if the minimum in the excited state surface
at which a particular (super) molecule has ended up is only a little above
S ...further radiationless conversion to S will proceed just as fast as o o
was reached (by vibrational relaxation). Thus is reached at a geometry 
which is determined by the minimum in S^." It may be seen that only small 
variations in the positions of these points are necessarv in order to alter 
drastically the outcome of the reaction. The energy difference between the 
ground state and the excited state surfaces at the intermediate configuration 
will also affect the rate of internal conversion (see section 4.5). Structural 
differences resulting from substitutions which causes changes in the stability 
or geometry of the intermediates will thus determine the relative rates of 
internal conversion which are directly related to the photoreaction of the 
molecules.
Ignoring the reaction which results in the formation of the
photodimer for the present, we will concentrate on the (a) reaction which
results only in relaxation to a ground state pair. If the excimer is
considered to be the final product of this reaction, the change in configuration
will occur entirely on the excited potential surface, and the reaction may
24be classified as being adiabatic. Ferguson and Mau have shown for anthracene 
type A pairs, that the sum of the quantum yields of photodimerisation and 
excimer fluorescence are unity within experimental error from 6K to 300K. We 
must conclude therefore that radiationless deactivation of the excimer state, 
is not a significant pathway leading to the reformation of the unexcited
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pair. At 6K the quantum efficiency of the
fluorescence pathway was found to be unity. The latter fact indicates 
that the energy gap between the excimer state and the ground state 
potential surface is of a sufficient magnitude to ensure that the 
probability of radiationless transition to the ground state is small. 
Apparently the energy barrier (c) in diagram 25 is also sufficiently 
removed along the reaction coordinate towards the product configuration, 
to prevent the occurrence of photodimersation from the fluorescent 
excimer state. The energy barrier to excimer formation (figure 25) may 
be considered to be zero or extremely small for all the compounds 
examined. If an energy barrier exists to the formation of an excimer from 
a pair in which one molecule has been excited, then monomer or stable 
dimer fluorescence should be apparent at low temperatures. No such 
fluorescence has been observed in the temperature range 6K-300K despite 
the short lifetimes of such species (approx 10ns).
4.3 MECHANISM OF TYPE B PAIR FORMATION
It was suggested in section 3.3b that formation of type B pairs 
resulted from the disruption of the dimer matrix caused by strongly 
absorbed photocleaving light. No reference was made to the mechanism of 
the rearrangement, which remains obscure because of the difficulty involved 
in monitoring the formation experimentally.
Cohen, Klein, Ludmer and Y a k h o t ^ h a v e  conducted calculations 
on the mode of formation, stabilisation and decay of excimers of pyrene and 
anthracene. In the development of their theory, Cohen et al found that it 
was necessary to consider the effect of intermolecular vibrations of the 
pair in order to obtain physically reasonable results. Two modes of 
intermolecular vibrations were considered in the analysis. "X vibrations" 
which give rise to variations in the interplanar separation of the pair, 
and "Y vibrations" which caused one molecule of the pair to slide back and
forth over the other. Their calcuations were capable of explaining many
of the observed properties of excimers. It was also concluded that the 
initial assumption that an excimer formed in a monomer crystal may be 
considered to be a Frenkel exciton was justified. In the case of the 
dimer embedded pair, the excimer may be considered a Frenkel exciton, 
as the energy level of the pair is situated approximately 7000 cm  ^below 
the energy level of the first excited state of the crystal. The depth 
of this potential well ensures that the electronic energy of the pairs 
will be localised. The rate of rearrangement to form type B pairs may 
however be directly affected by the migration of excimer energy. The 
calcuations of Cohen et a}^2'63,64 suggested that upon exictation of the 
pyrene sandwich pair, an excimer was formed in a state of high vibrational 
excitation (intermolecular vib. quantum number n = 20-30). Subsequent to 
further calculations, it was concluded that the migration of excimer energy 
probably occurred by means of a large increase in the interplanar separation 
vibrational mode. The proposed conditions for the transfer of excitation 
to another pair appears to be physically reasonable, when the excimers 
are considered to be "supermolecules". The resonant transfer of energy 
between two (super) molecules which are physically close to each other will 
require that the molecules possess similar nuclear geometries. In the 
ground state a pair will possess a greater interplanar separation than in 
the excimer state. For the excimer to possess a geometry similar to that 
of the ground state pair, the interplanar separation of the molecules of 
the excimer must increase. Resonant transfer of excitation may then be 
expected to occur. Consideration of these findings permits the proposition 
of a mechanism for the mode, of formation of type B pairs.
The rate of formation of type B pairs was found experimentally to 
be greatly enhanced if intense 254nm light was permitted to impinge on the 
crystal in conjunction with less intense 365nm light. The intense 254nm light 
causes the creation of many molecular pairs in the photodimer matrix. When 
the total concentration of pairs present becomes very high, the constraints
1 bl
applied by the photodimer matrix will be weakened, in particular at 
those points where two pairs are created adjacent or near to each other.
If one of the two pairs which are in close proximity to each other, is 
excited from its ground state by 365nm light to form an excimer, the 
decrease in interplanar separation of that pair will also decrease the 
constraints on the adjacent unexcited pair. An increase in the intermolecular 
separation of the molecules of the excimer by means of excitation of the 
"X vibrations" upon formation of the excimer may result in the transfer 
of excimer excitation energy to the adjacent unexcited pair. This transfer 
of energy with its associated extreme variation in interplanar separation 
of the two pairs would create a situation very conducive to rearrangement 
of those pairs to monomer like aggregates. Although two adjacent molecular 
pairs were used as an example here, the theory is equally applicable to any 
number of closely associated pairs. It should not however be considered 
that the explanation presented above is the sole form of interaction which
may give rise to the type B pairs. The rearrangement resulting from the
increase in either of the two intermolecular vibrational mode coordinates 
(X or Y), will be enhanced by the effect of other intermolecular forces 
which will also promote the formation of monomer like aggregates.
4.4 REACTION TO FORM THE PHOTODIMER
The reaction which results in the formation of the photodimer 
rather than in excimer fluorescence may be classified as a type III diabatic 
reaction (see figure 24 III). In these reactions the chemical change is
driven by the energy derived from internal conversion to the ground state
from the excited state. The excited state and ground state surfaces do 
not usually cross, as spin-spin and spin-orbit type repulsions cause these 
contacts to be avoided. The type III reactions therefore involve a 
transition from one surface to another during the course of the reaction.
The unit quantum yields which were observed for some type A pairs 
over a wide range of temperatures, indicate that the products of these 
dimerisation reactions are not in the excited state. The existence of an
excited state product would imply that the reaction may be reversible
76and thus, that the observation of excimer fluorescence was possible 
No excimer fluorescence was observed for the highly reactive derivative 
pairs embedded in their respective photodimers under the most favourable 
conditions possible in this laboratory.
The rate of internal conversion to the ground state from the 
excited state, will be of importance to the determination of the rate 
of photodimerisation. An examination of the theory of radiationless decay 
will now be made in an attempt to determine what role these transitions 
play in controlling the reaction rate.
4.5 RADIATIONLESS DECAY PROCESSES
The process of radiationless decay has been examined by numerous
66,75,88,89 ,, . _ , . , _ ,66authors . The theories of Robinson and Frosch will be used
here to assist in the development of the present analysis. The theory
of the latter authors was derived for the determination of the electronic
relaxation rate of a single molecule via radiationless transitions. We
will consider the initial state of the relaxation process (the eclipsed
77sandwich configuration excimer) to be a single supermolecule , and the 
dianthracene to be the final state. The initial and final states of the 
system are considered to be nonstationary, and are mixed by a perturbation 
Hamiltonian (Ö') which is not part of the molecular stationary state 
Hamiltonian (H°). The sum of these two Hamiltonians refers to the entire 
system plus surroundings. If the "molecule" is isolated from the environment 
then the coupling of the two states may be expressed by the matrix element.
3 = / Y" fi* 4»' dT
= < 4f |A* I ¥ > 4.2
where 41' is the initial state wavefunction in its 
lowest vibrational level
4'" is the final state wavefunction and will
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correspond to a vibrationally excited
wavefunction for the dianthracene molecule
created by the reaction.
By the application of time dependent quantum theory, the model 
of the system, which is analogous to the classical problem of two 
coupled oscillators, was found to undergo oscillations back and forth 
between the initial and final states with a period of h 3_1.
In order to derive a radiationless decay rate equation for a
molecule in an environment, the initial state was considered to be coupled 
directly to a set of vibrational levels of the final electronic state 
of the free molecule, Due to the fact that the product dianthracene final 
state will be highly excited in many different vibrational modes, there 
will be many final states nearly isoenergetic with the initial state.
state vibrational levels to an additional N final states which correspond 
to the electronic final state plus molecular and lattice vibrational 
additions. The value of a was assumed to be an average, which was applicable 
to each of the coupled N states, although in reality its value is 
determined independently by the two specific final states which it couples.
The N indirectly coupled states were also considered to be coupled to 
themselves, forming a final state band of width a . The density of the 
indirectly coupled state band was assumed to be quasicontinous and uniform.
By then making further appropriate assumptions the probability of radiationless 
transition W(t) was evaluated to be:
A matrix element a was also introduced which couples the final
where 3
W (t) 
t
n
4 .3
2
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and 3n is the coupling element of each of the n directly coupled 
final states which may be separated under the Born-Oppenheimer 
approximation into purely electronic and vibrational functions 
as shown above.
Thus <t> " - n*'*1 vibrational level function of final state and n
is a product function of the r normal mode vibrational
functions of the molecules. 6 ’ - lowest vibrationalo
level function of initial electronic state. 3 , - theel
purely electronic coupling matrix element.
Consideration of Equation 4.3 now permits a discussion of 
the relative importance of the factors affecting radiationless 
decay rates. Although most of these variables are not explicit­
ly known for the system under examination, it is possible to 
roughly estimate their magnitude and their consequent effect on 
the decay rates.
4.5.a THE VALUE OF a
The inverse dependence on a of the transition proba­
bility in Equation 4.3, suggests that increased coupling of 
the directly coupled final states to the N final states( ie.
the environment) will significantly decrease the transition
66probability. However it was noted by Robinson and Frosch 
that the value of a is also related to the number of directly 
coupled final states(n), and as a result, the effect of the 
magnitude of a on the transition probability is partially 
cancelled due to the presence of the vibrational overlap factors
in the numerator of Equation 4.3.
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In the dimerisation reaction in a photodimer 
host the product molecule merges with the matrix.
Thus the removal of excess vibrational energy, 
which may result from the internal conversion from 
the excited state will be efficient because the 
energy levels of the product and host will be 
identical and the crystal may absorb the vibrational 
excitation.
4.5b THE FRANCK CONDON FACTOR
The value of the Franck-Condon overlap integral 
is difficult to estimate for the dimerisation 
reaction. The large number of vibrational modes 
(>50) , which are associated with molecules of such 
high molecular weight will ensure that the molecular 
vibration levels will be sufficiently dense to give 
rise to overlap factors of a significant size. 
Robinson estimates for benzene which possesses 
only thirty vibrational modes, that radiationless 
transition will be irreversible even in the absence 
of a matrix interaction. Because we are dealing 
with considerably larger molecules set in a crystal 
matrix, we must conclude that the density of final 
vibronic states is sufficiently large to permit 
irreversible radiationless relaxation to occur.
In a photoreaction of the type which is under 
examination, the change in the character of the 
vibrational modes between the initial and final
states of the reaction must necessarily be significant.
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Vibrations which occur in the same sense as the
movement of the molecules towards the product
configuration, will be extremely anharmonic. As a
result of this anharmonicity, the orthogonality of
higher and lower vibrational levels of the relevant
modes must be diminished, and thus some mixing of
these levels permitted. For the dimerisation
reaction, the difference in energy between the lowest
vibrational levels of the excited and ground state
potentials, which is reflected in the value of
ß in equation 4.3, will directly affect the rate e 1
of internal conversion. In order that the product 
dianthracene molecule can have a similar energy 
to the initial excimer state,the dianthracene molecule 
must be vibrationally excited at that point on the 
reaction coordinate which may be termed the "transition 
state". Thus if mixing of the high and low vibrational 
levels is permitted by anharmonicity then the 
magnitude of the overlap integrals will be increased. 
The dimerisation reactions must necessarily involve 
anharmonicity in the out-of-plane vibrational modes 
because the reaction involves the formation of 
bridging o bonds, and the bending of the reactant 
anthracene moieties.
Thus for those derivatives whose properties
at the transition state, cause the energy gap between
the two surfaces to be less than ten vibrational
quanta apart, the overlap factors will be of
sufficient magnitude to permit rapid radiationless
66decay to the product dianthracene
I 5 7
Those products whose reactant potential surfaces 
are sepa rated by a small energy gap, will be formed 
in pr ef erence to alternative products, which may be 
more stable in the final state, but do not have potential 
surfaces which approach each other closely.
In those cases where the separation of the potential 
surfaces is sufficiently large (but not excessive) to 
cause some a n h a r m o n i c i t y , the size of the vibrational  
overlap factors will be of greater magnitude than 
those which would occur if no a n h a r m onicity were 
present.
It may be concluded that overlap integrals of 
suf fi ci en t size to cause rapid internal conversion 
will occur if the potential  surfaces at the 
"i nt erm ediate state" are separated by 10-15 
v i b r at io nal quanta or less.
E.g. - no a n h a r monicity 1400 cm  ^ vi br ation 
in approx i m a t e l y  second v ibrational level 
or less. Implies a 2 0 0 0 -3000cm  ^ energy gap 
- a n h a r m o n i c i t y  466cm  ^ out of plane 
v i b r ation in appro x i m a t e l y  tenth or twelth 
v i b r ation level 5000cm  ^ energy gap.
4.5c THE MATRIX ELEMENT ß ÄND THE CON SEQUENCE OF 
B O R N - O P P E N H E I M E R  BREAKDOWN
The matrix element 3 . which was derived by meansel
of the assumption of the separability of the vibr ational  
and el ectronic motions, expresses the interaction 
of the purely electronic wave function of the initial 
and final states. N a t u r a l l y  if the excimer has the 
same symmetry as the d i a n t hracene molecular wave
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function, then the element will be of sufficient
5 8size to permit rapid internal conversion. Stevens 
has recently examined the local symmetry of an 
eclipsed sandwich pair of ground state anthracene 
molecules, the associated excimer and the product 
dianthracene. By constructing an orbital correlation 
diagram using a lowest unoccupied and highest occupied 
molecular orbital approximation, it was found that 
the symmetry of the excimer state correlated 
favourably with the singly excited state of the 
dianthracene molecule. The implication of this 
conclusion is that no barrier to dimerisation will 
arise from unfavourable orbital symmetry correlation.
As previously discussed (in section 4.4) the 
formation of an excited state product in the 
dimerisation reaction seems improbable. Any 
attempt however, to obtain experimental evidence 
of the electronic state of the product dianthracene 
is hampered by the short lifetime of the excited 
state of dianthracene, and a paucity of data
concerning the fluorescene properties of this compound.
7 6Forster and Menter have studied the photocleavage 
of the dimer of nine methylanthracene in solution 
in an endeavour to determine whether the reverse 
reaction occurs adiabatically or diabatica1ly. If
the reverse reaction is adiabatic then the excimer or 
excited monomer will be products of the cleavage, and 
their respective emissions will be observable. Their 
results however, showed the quantum yield of 
fluorescence of either species to be of the order of
. 0004 .
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This result suggests that a large fraction of
the molecules do not react along the adiabatic
pathway in the photocleavage reaction. Consideration
of the findings of Forster and Menter, in conjunction
with the size of the activation energy of the
thermal reaction ( 40 kcal/mole) suggests that the
potential energy surfaces are sufficiently close in
the intermediate state of the dimerisation reaction
to permit radiationless transition to occur from
the excited to the ground state potential surface.
We conclude that the reaction will occur along a
diabatic pathway. The symmetry correlation of the
molecular orbitals will remain valid until the
onset of internal conversion from the intermediate
state to the ground state energy surface. Additionally, 
58Stevens has calculated that the photoreaction of
the pair is facilitated by the favourable correlation
of symmetry adapted benzene ring orbitals of the
dimer, with the corresponding orbitals of the
unreacted pair. Thus no reaction barrier will arise
from unfavourable symmetry correlations until the onset
of the proposed internal conversion.
At the geometry at which the radiationless
deactivation process is imminent, fresh considerations
of the changes which occur in geometry and symmetry
7 5must be made. Jortner, Rice and Hochstrasser and 
7 2Dougherty have discussed the consequences upon the 
radiationless deactivation process of the close 
approach of the potential surfaces.
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As previously discussed in this section the rate 
of radiationless decay is expressible in terms of 
a combination of electronic and vibrational functions 
by the assumption of Born-Oppenheimer separability.
A rough estimation of the transition rate could thus 
be made in terms of the symmetry of electronic 
functions and the vibrational overlap factors of the 
initial and final states. However if the excited 
and ground state potential surfaces are separated 
by an energy gap of the order of one or two vibrational 
quanta (e.g. < 1700cm then the two states may be
mixed by the vibrational motion. In the region 
where such vibronic coupling occurs it becomes 
impossible to determine if the system is in one 
state or the other. The only accurate represent­
ation of the system may be made by constructing 
electron density diagrams. The condition that the 
electronic state symmetries will not be preserved 
in the reaction is that;". . .there exists a vibrational
mode which will destroy the appropriate elements of
7 2symmetry but not alter the energies " (Dougherty ).
The presence of a non totally symmetric vibrational
mode in the transition state will fulfil these 
7 2 7 3conditions ' . Consideration of the most probable
intermediate structure where bonds have been partially 
formed across the 9,9' and 10,10' positions, shows 
that the "X" and "Y" intermolecular vibrations present 
in the initial state become highly anharmonic at the 
onset of the rearrangement. An unambiguous assignment
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of those of the approximately 140 possible vibrational 
modes of the intermediate which will contribute to 
the Born-Oppenheimer breakdown, is not possible for 
such a large molecule. Therefore it may only be 
stated that it is probable that such a mode is present, 
and that its presence will increase the rate of 
internal conversion.
4.6 DISCUSSION - EXPERIMENTAL RESULTS AND THEORY
The probability of radiationless relaxation at 
the point of closest approach of the potential 
surfaces is proportional to the ground state absorption 
coefficient. For "molecules" at the intermediate 
configuration with a small energy gap between potential 
surfaces, the absorption coefficient will be 
extremely small. Accordingly, the probability of 
radiative decay will be minimal, and that of 
radiationless decay will approach unity.
The type A pairs which exhibit a quantum yield 
of dimerisation of unity from 4.2k - 300k, may approach 
each other ( =3 8 ) sufficiently closely to be highly 
stabilised by means of their maximal excimeric 
interaction (see section 3.7a). The ground state potential 
surface for the thermal reaction of these dimers will 
possess a barrier to dimerisation which is larger than 
that of anthracene, because of the greater steric 
hindrance to dimer formation arising from the presence 
of the substituents groups. The deep well in the 
excited potential surface resulting from the strong 
excimeric interaction, and the higher energy barrier
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present in the ground state potential surface, 
apparently permits the levels to approach each other 
sufficiently to ensure radiationless decay to the 
product state. The absence of any detectable excimer 
fluorescence from these pairs corroborates the latter 
statement.
The observed temperature dependence of the
dimerisation of anthracene pairs displays an Arrhenius
relationship. The dependence Dn temperature of the
internal conversion will be primarily a function of
the population of the lowest vibrational state
of the intermediate on the excited state potential
energy surface. We should therefore expect a slight
inverse temperature dependence at temperatures
approaching 300K, as the population of the lowest
vibrational state is then reduced by thermal 
66,67,91,92excitation
4.6a ASSESSMENT OF THE ROLE OF THE EXCIMER STATE 
IN PHOTOREACTION
On the basis of the theories and experimental 
evidence presented, we may construct two potential 
energy diagrams describing the dimerisation of the 
pairs which always exhibit a quantum yield of unity, 
and the pairs which display temperature dependent 
quantum yields of dimerisation (figure 26) .
It should be realized that the description 
supplied by the diagrams is at most, a crude aid for 
the visualisation of the reaction process. The reaction, 
even for a ground state eclipsed sandwich dimer, may
strictly only be represented precisely by an n-
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FIGURE 26
Crude Potential Energy Diagram for a. Derivative
type A dimers with $ = 1 for all temperatures.
0 - the reaction coordinate may be expressed as
the interplanar separation because the molecules
are in the eclipsed sandwich configuration.
b. Anthracene and Derivatives with temperature
dependent quantum yields of photodimerisation
(Arrhenius) Q - the reaction coordination in this r
diagram may only be considered to be a function of 
the degree of reaction and is not indentical to the 
interplanar separation, because the molecules are 
not initially in the eclipsed sandwich configuration, 
is the potential energy.V
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d i m e n s i o n a l  surface which should include any non 
totally symmetric v i b r a tional modes which may destroy 
the symmetry of the intermediate. The important 
feature which di s t i n g u i s h e s  the two r e p resentations 
of the reaction, is the energy barrier which separates 
the two forms of the excimer in figure 26.b.
Those comp ounds which encounter a finite energy 
ba rr ie r to reaction will display an Arrhenius type 
tem pe ra ture d e p e ndence of photor eaction. Although  
it is not possible to rule out the presence of other 
short lived intermediates, in view of the reactive 
p r o p er ties observed of the excimer state, we must 
assume it to be the most important intermediate in the 
pho tor eaction. All those dimer pairs which react 
with unit qu antum yield i n d e p endently of temperature, 
were found to possess spectra indicative of intermediate 
coupl ing  (see section 3.2). The prop erties of each 
of these d e r i v atives also suggested that in the ground 
state the eclipsed sandwich dimer wo uld be the most 
stable configuration. These pairs displayed no excimer 
fluo res cence .
The molecular pairs which exhibited temperature 
d e p en dent q u a ntum yields of d i m e r i s a t i o n , poss essed 
abs or ption spectra which were indicative of weak 
coupling. The orbital overlap of these pairs was 
pre s u m a b l y  reduced by either t ranslation or rotation 
of one of the mol e c u l e s  relative to the other. It is 
the refore proposed that an excimer, which has attained 
an ecl ip sed sandwich geometry will quickly p h o t o d i m e r i s e , 
except under ext r e m e l y  adverse conditions. Pronounced
165
steric hindrance may inhibit the dimerisation, 
however the magnitude of the effect required to 
inhibit the reaction in the solid, appears to be 
much larger than that required in solution reactions.
In this work efficient photodimerisation of 9 phenyl- 
anthracene pairs has been achieved, a reaction which 
requires the presence of sensitizers in order to proceed 
in solution. In figure 26 the eclipsed sandwich excimer
0 Xhas been denoted A.A^ . As no excimeric fluorescence
0 xhas been observed from the entity A.A^ even at 2.2k, 
it may not strictly be termed an "excimer". The geometry
0 Xof A.A^ is that which is considered theoretically to
be the most conducive to excimer formation, therefore
the notation shall be retained. The present experimental
evidence suggests that the dimerisation process completely
quenches the excimer fluorescence. A second excimer
0 Xdenoted as A .A^ which does not possess an eclipsed
sandwich configuration is proposed. It is not however, 
suggested that a series of excimers of discrete 
energies exists, which possess specific geometries 
determined soley by intrapair interactions. The 
magnitude of the excimer interaction may be expected 
to vary continuously as the geometry of the pair is 
varied. The observation of fluorescence attributable 
to different excimer types is the consequence of 
different but uniform sets of constraints placed upon 
the pairs by the matrix, in addition to the forces 
arising from intrapair interactions. In order that 
the dimerisation of a non eclipsed sandwich pair can 
occur, the molecules must undergo rotation or translation
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to the eclipsed geometry. An energy barrier exists 
to this rearrangement and is the subject of the 
discussion of the next subsection.
4.6b THE RATE DETERMINING STEP OF PHQTODIMERISATION
The rate determining step is that reaction process 
which is the slowest in the entire photoreaction.
For those derivatives which possess a quantum
yield of unity at all temperatures examined, the rate
determining step will be the rate of internal conversion
from the excited state to the ground state potential
surface. As discussed in the preceding section, this
process will be fastest when the gap between the excited
and ground state potentials is at a minimum, and the
symmetry of the two states transform smoothly into 
5 8 6 6each other ' . In the eclipsed sandwich configuration
the stabilisation of the excimer state is apparently 
sufficient to ensure internal conversion to the ground 
state potential surface. The fact is exemplified by 
the observation that photocleaved APA molecules 
embedded in the corresponding dimer matrix will also 
dimerise with a quantum yield of unity in the range 
4.2k - 300k. The bridging propyl chain constrains 
the anthracene moieties in an eclipsed sandwich 
configuration, although the moieties are unstable 
in that geometry in the ground state due to initial 
repulsion of the permanent molecular dipoles. It was 
also noted that the photocleaved photoadduct of APA 
embedded in frozen methylcyclohexane solvent, which 
is incapable of constraining the molecules as effectively
as a dimer matrix (see section 3.7c) will photodimerise
167
quickly at 6K.
Thus if the pair is maintained in an eclipsed 
sandwich configuration, with or without the presence 
of a photodimer matrix, the excimer state will be 
sufficiently stabilised to initiate the photoreaction, 
in which the process of internal conversion will be 
the rate determining step. The precise determination 
of the rate of internal conversion to the product 
dianthracene would require the use of sub-nanosecond 
flash irradiation techniques, and the monitoring of 
subsequent minute variations in absorption within 
several nanoseconds after the initial reaction 
inducing flash. The development of such a technique 
presents insurmountable technical difficulties at 
the present date, and no attempt was made to tackle 
this problem.
In order to obtain a rough estimate of the time 
taken for internal conversion to occur, attempts 
were made to determine experimentally whether excimer 
fluorescence resulting from a small barrier to internal 
conversion, was in part present at extremely low 
intensities. Methylanthracene type A pairs were 
generated in high concentrations in a photodimer 
crystal, and then cooled to 2.2K and 77K or held at 
room temperature. No excimer fluorescence was observed 
at any of these temperatures under detection conditions 
of maximum sensitivity. It was concluded that the time 
taken for internal conversion to occur to the ground 
state surface for an eclipsed sandwich dimer was much
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smaller than the average lifetime of the fluorescent
excimer state ( t -100ns ) .ex
The rate of dimerisation of anthracene and 
phenylanthracene type A dimers and all of the type B 
dimers has been found to follow an Arrhenius equation 
temperature dependence, which is assumed to arise 
from the presence of an energy barrier.
Set out in table 12. are the energies of activation
of the dimerisation process calculated by application
of the Arrhenius equation to the observed temperature
dependence of the photodimerisation rates for anthracene
methylanthracene, phenylanthracene and chloroanthracene.
The methods employed in the determination of the
2 4activation energies are discussed in Chapter 5.
The activation energies calculated for the type B 
dimers possess associated experimental errors of the 
order of 70-80 cm ^ . The large error arises from a 
considerable number of experimental problems associated 
with the analysis of the reactions of this type of pair 
(see section 5.1b) . Several features of the results, 
should be discussed before any explanation is proposed 
as to the origin of the energy barrier which gives rise 
to the observed temperature dependence. It may be seen 
that for each of the type B compounds two activation 
energies have been observed. The activation
energies calculated for the dimerisation process 
below the temperatures shown in the table for each type 
B pair, are smaller than those observed above these 
temperatures. The possibility of the occurrence of a
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Compound Pair Type E cm A
-1
Anthracene
A i
600 24± 30
Anthracene A ^Deuter 525
o+i
Phenylanthracene A 710 ± 30
Anthracene B <80K 130 i+ o
Anthracene B > 8 0 K 230 ± 100
Methylanthracene B < 7 OK CD O 1+ 60
Methylanthracene B > 7 0 K 333 i+ «•j o
Chloroanthracene B<12 OK 150 ± 50
Chloroanthracene B> 120K 450 ± 60
TABLE 12
Activation energies o f
photodimerisation calculated by 
application of the Arrhenius 
equation. The indicated temperatures 
are those at which the activation
energy changes.
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phase change in the dimer matrix which altered 
dimerisation rates at these temperatures was considered.
A thorough examination of the spectra of the type 
A pairs in the region of these temperatures, showed 
no discontinuous variation in the spectral linewidths 
or intensities. The variation in activation energy 
was therefore assumed not to arise from a dimer 
crystal phase change. Observation of the absorption 
spectra of type B pairs of anthracene and methylanthracene 
showed that a relaxation process occurred for these pairs 
at approximately the temperature at which the activation 
energy was observed to change (80k and 70K respectively).
It was also noted that the value of the activation energy
for the low temperature region corresponded roughly to
kT - where T is the value of the temperature at which
the activation energy variation occurred. It was
therefore concluded that subsequent to the low temperature
formation of the type B pairs, a relaxation process occurs
which is initiated by thermal excitation. After the
relaxation of the pairs has reached equilibrium the
spectra of the pairs resemble more closely the spectra
of the corresponding monomer crystal. The relaxation
change is most pronounced for anthracene, involving
a significant shift in the maxima of the absorption
and fluorescence spectra (see figures 14). For methylanthracene
the spectral variation is much less pronounced than for
anthracene, although the monomer like dichroic
absorption splitting is already present at 4.2k. For
chloroanthracene type B pairs, the only detectable
spectral variation is a shift to shorter wavelength of
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the excimer fluorescence. The shift was of the order 
of only 200cm  ^ between 110K and 220K, but quickly 
increased in magnitude above 220K. The relaxation 
process was found to achieve equilibrium more quickly 
at high temperatures (>200K) than at low temperatures 
(<200K). Those anthracene type B pairs, which had 
been permitted to relax completely at temperatures above 
approximately 120K were found to be extremely difficult 
to photodimerise even at room temperature. Presumably 
the relaxation of these pairs proceeds to the point 
where the topochemistry of the pairs is highly 
unfavourable to rephotodimerisation. As a result the 
observed value of the activation energy of 230cm  ^
must be treated with some caution. The type B pairs of 
methylanthracene and chloroanthracene undergo a similar 
relaxation process which is however far less severe, 
and these pairs may consequently be rephotodimerised 
with facility at room temperature. The experimental 
determination of the reaction rate for each of these 
unstable pairs was conducted as quickly as possible 
at each temperature, in order to ensure that a major 
fraction of pairs remained in their unrelaxed initial 
state.
An additional feature of the results in table 12 
which requires discussion is the difference in the 
activation energies observed for the type A and type B 
pairs of anthracene. The fluorescence spectrum of the 
type A pairs is indicative of an excimer possessing 
a greater degree of orbital overlap than the type B pairs. 
This observation immediately suggests that the
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dimerisation should be more facile for the type A 
pairs which are closer to the photoreactive eclipsed 
sandwich configuration. However the activation energies 
obtained by experiment suggest exactly the opposite 
situation. The explanation of this apparent 
discrepancy lies in the relative stabilisation of the 
excimer states. Relative to the respective energies 
of absorption of the ground state pairs, the type B 
excimer is not stabilised to the same degree as the 
type A excimer, because the orbital overlap in the 
former pairs has been reduced by intrapair rotation 
or translation. This deviation of the type B pairs 
away from the higher symmetry type A pair configuration 
is permitted by the host matrix disruption which is 
associated with the creation of type B pairs (see section 
3.3a). The potential minimum which the type B excimer 
occupies is relatively shallow as a result of its weak 
stabilisation, whilst the more stable type A fluorescent 
excimer will sit in a deeper potential well. The type A 
fluorescent excimer will thus require a greater 
activation energy than the type B excimer in order to 
escape the potential well and to achieve the photoreactive 
eclipsed sandwich geometry.
4.6.C THE ORIGIN OF THE BARRIER TO PHOTODIMERISATION
It was previously concluded (see section 4.2) that 
dimerisation did not occur by radiationless transition 
from the bottom of that potential well which corresponds 
to the observed fluorescent excimer state. The rate of
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photoreaction will therefore be a function of the 
height of the barrier which hinders escape from the 
fluorescent excimer state to the non fluorescent 
photoreactive excimer state (see figure 25). The barrier 
to dimerisation which has been observed experimentally 
may occur due to following effects:
(i) Energy required to distort the molecules
of the pair away from a planar configuration 
in order to permit bonding at the meso carbon 
atoms of the anthracene moieties.
(ii) Energy required to overcome the steric 
hindrance or other repulsive intrapair 
interactions, which prevent the molecules 
from adopting an eclipsed sandwich 
configuration.
(iii) The occurrence of minima on the excimer 
potential surface arising from the non 
uniform electron density of the anthracene 
moiety, i.e. certain non eclipsed pair 
configurations may exist where orbital 
overlap give rise to local excimeric 
stabilisation minima (see figure 27)
(iv) The interaction of the matrix with the 
reactant molecules causing certain pair 
geometries to be more stable than others.
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X--------»
FIGURE 27
Potential energy diagram of hypothetical 
variation in energy of a molecular pair as
a function of translation of one molecule 
along the direction of the long molecular 
axis - the short axes and out of plane 
axes are parallel
V is the potential energy
X is the displacement of one molecule 
over the other.
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The first proposition has been examined by
2 7Burnelle, Lahiri and Detrano and more recently by
65Bertram, Ferero, Mora and Ferdandez-Alonso . Both 
groups of authors concluded that for an isolated 
molecular pair the speed of dimerisation was related 
to the difficulty of bending the molecule about the 
meso positions. The authors were careful to state 
however, that other factors also had significant effects 
upon the rate of reaction, and should not be disregarded. 
In this work the unit quantum yield which was observed 
for some type A dimers at 4.2K suggests that the energy 
required to bend the molecules at the meso positions is 
not an important factor in the determination of the 
rate of reaction of type A or type B pairs. In addition, 
the different values of the activation energies obtained 
for the photoreaction of type B pairs does not reflect 
the steric effect of the various substituents in hindering 
the bending of the anthracene moieties (see table 12.).
The effect of steric hindrance upon the rate of 
reaction becomes most obvious when the size of the 
activation energy of the 9 phenylanthracene dimerisation 
process is noted (see table 12). The presence of the 
bulky phenyl groups was noted in section 3.2d to have 
had the effect of decreasing the coupling between the 
molecules of the dimer-embedded pairs, a fact which is 
reflected in the absorption and fluorescence spectra 
of this species. In the light of the higher activation 
energy observed for the phenylanthracene pairs, it is
176
possible to conclude that if the molecules are not 
initially in an eclipsed sandwich configuration, 
then the steric hindrance will play a part in the 
determination of the rate of dimerisation. The 
methylanthracene type A pairs and the APA type A 
pairs possess substituents which will give rise re­
spectively to steric and electrostatic repulsion 
interactions which are intermediate between those 
of phenylanthracene and anthracene pairs. However 
it has been noted that these pairs react with unit 
quantum yield at 4.2K. We may thus conclude that 
intrapair interactions are operative in hindering 
the assumption of an eclipsed sandwich configuration, 
but ineffective in the prevention of photoreaction 
once the eclipsed structure is attained. The acti­
vation energy which was observed for anthracene 
type A pairs is almost the same magnitude as the 
phenylanthracene activation energy. The anthracene 
possesses no impediment to its movement to the eclipsed 
configuration, it may thus be concluded that steric 
hindrance is not the predominant cause of the dif­
ferent activation energies which are observed. In 
support of this conclusion we note that Masahara and 
MatagaHIve observed that for tetracyanobenzene (TCNB)- 
benzene dimers in solution, that no observable barrier 
exists at 4.2K to the movement from an imperfect 
sandwich configuration to an eclipsed sandwich con-
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figuration in spite of the presence of four cyano 
substituents. The TCNB-benzene dimer possesses a 
large charge transfer interaction, its behaviour will 
not then be a function of orbital overlap, but simply 
a minimisation of intrapair repulsions, and may be 
taken as an indication 0f the effect of steric hin­
drance on the behaviour of anthracene pairs. There­
fore it does not appear likely that after excitation 
has occurred, that the steric repulsion attributable 
to intermolecular forces would be sufficiently large 
to give rise to the observed activation energies for 
the anthracenes.
The higher activation energy observed for the 
deuterated anthracene type A pairs relative to an­
thracene is also at variance with proposition number
2 4 2 2(ii). The slightly greater repulsions ( H... H)
of the deuterated molecules comprising the pair 
and the matrix, are expected to increase the repul­
sive barriers to the formation of an eclipsed sand­
wich dimer, thereby increasing the activation energy.
The experimental value of the activation energy for 
the deuterated pair was found to be smaller than for 
the hydrogenated anthracene (see Table 12) . The 
strong similarity between the spectral distribu­
tion of the deuterated and non-deuterated anthra­
cene pairs is evidence that the stability of the excimer
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of the two species has not varied sufficiently to
to drastically alter the shape of the potential
surfaces. We therefore assume the geometries of
the two pairs to be initially and finally the same.
The intermolecular vibrations of the pair are highly
excited when the excimer is initially formed from the
6 2 6 3ground state pair. ' The effect of the substi­
tution of the deuterated atoms will be to decrease 
the rate of vibrational relaxation or redistribution 
among other molecular modes. 6 6 /6-7 T^e excimer 
consisting of deuterated anthracene molecules may 
thus be able by means of its excess vibrational 
energy after excimer formation to surmount the barrier 
which hinders the adoption of the reactive eclipsed 
configuration. This effect may increase the proba­
bility of a barrier crossing sufficiently to cause 
the observation of an apparently smaller activation 
energy for the deuterated anthracene pairs.
The third proposition is that secondary minima 
occur on the potential energy surface which are 
separated from the most stable eclipsed sandwich con­
figuration by potential barriers (see Figure 27).
The proposed energy barriers are considered to arise 
from geometry dependent variations in the excimeric
interaction. A considerable amount of work has been
69,70 , 74 , 95 , . ,conducted by several authors, which
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demonstrates that the stabilisation which arises from 
charge transfer is, within the limits of our interest, 
insensitive to the geometry of the pair. It is known 
however, that excitation resonance will be more sens­
itive to the geometry of the molecular pair.^ ^ ° ^ 1 
Thus charge resonance interaction may be expected to 
be relatively invariant to changes in configuration, 
whilst additional stabilisation will occur when ge­
ometries permitting significant orbital overlap are 
achieved. As a result of the non uniform spatial 
geometry of the molecular orbitals of anthracene, 
the presence of more than one maximum may be expected 
in the magnitude of orbital overlap when one molecule 
is rotated or translated over the other molecule of 
the pair. A local maximum in the magnitude of or­
bital overlap in a particular excimer will correspond 
to a local minimum on the excimer potential surface 
The eclipsed sandwich excimer configuration is that 
geometry at which the maximum orbital overlap may 
occur. Small translations or rotations of one molecule 
away from the latter configuration will decrease the 
orbital overlap, and increase the potential of the 
excimer. Other local maxima will exist for particular 
geometries, however none of these maxima are the same 
magnitude as that which occurs for the eclipsed sand­
wich configuration.(see Figure 27)
Those pairs which exhibit absorption spectra which
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are indicative of a non eclipsed sandwich config­
uration, have all been noted to possess temperature 
dependent quantum yields of dimerisation. It is not 
possible to verify directly the presence of local 
minima on the excimer potential surface. However 
we may infer the presence of these minima by ex­
amining the properties of some anthracene excimers.
Two types of excimer(red and green fluorescent) 
were observed for both anthracene and methylanthra- 
cene pairs embedded in methylcyclohexane at 6K(see 
Section 3.7.c). The fluorescence and excitation spectra 
of these pairs were remarkably reproducible. The 
reproducabi1ity of the green species was particularly 
noteworthy because the appearance of that species 
was associated with the cracking of the solvent glass. 
The crazing of the solvent at low temperatures is 
not uniform,whi1st the observed spectra of the green 
species were highly reproducible. The assumption which 
may then be made, is that the green fluorescent species 
resulted from a decrease in solvent matrix constraints, 
but still maintained a statistically uniform geometry 
by means of local minima on the excimer potential 
surface.
The proposition that the matrix will constrain 
the molecules to a configuration which is either 
photoreactive or non photoreactive undoubtedly possesses 
great validity. The differences in photoreactivity.
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of type A pairs embedded in their respective photo­
dimer matrices and the same pairs embedded in methyl- 
cyclohexane at 6K or 77K, is ample evidence of the 
importance of the magnitude of matrix constraints.
It is also apparent from the observed differences 
between the reactivity of the various derivative 
pairs embedded in solid methylcycloh that intra­
pair forces are relevant to the photoreaction process. 
In the case of the photodimer host experiments the 
volume which is occupied by the ground state pair or 
the excimer will be limited to the dimensions of the 
space which was initially occupied by a dianthracene 
molecule in the photodimer crystal. The decrease of 
the interplanar separation which occurs upon excimer 
formation will make the volume occupied by the excimer 
state smaller than the vacancy in the host, and in­
troduce the possibility of rearrangement of the pair. 
The existence of distinct sites within the vacancy in 
the host which give rise to the observation of the 
different pair behaviours, is entirely feasible. The 
existence of these sites will be dependent on the pro­
perties of the particular dimer matrix under exami­
nation .
The examination of the four propositions has 
suggested that the concerted effect of intrapair 
ground state interactions (steric, electrostatic, 
etc.) , local excimer stabilisation minima and matrix
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constraints, will cause the appearance of an energy 
barrier hindering the adoption of the eclipsed photo­
reactive sandwich configuration.
The size of the barrier will be dependent on 
the degree of stabilisation of the fluorescent ex- 
cimer, and on the repulsive potentials which must 
be overcome in order to leave the non reactive excimer 
state, and achieve a photoreactive configuration.
The effect of substitution may thus be to either in­
crease the barrier height (eg. 9 phenyl substitution 
unfavourable steric) or to decrease the barrier 
height (eg.9 cyano substitution favourable electro­
static) . The prominence of any of the three factors 
mentioned above, in the determination of the quantum 
efficiency of reaction will be dependent on the pro­
perties of the compound and its corresponding dimer 
crystal.
The observed temperature dependence of those 
derivatives which emit excimer fluorescence, follows 
an Arrhenius equation relationship which is the result 
of the presence of an energy barrier to photoreaction. 
For the compounds which possess the eclipsed sand­
wich configuration in the ground state, no such barrier 
exists, and no variation in reaction rate is observed 
in the range 2.2K - 300K. For these compounds the 
rate determining step is internal conversion to the
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ground state dianthracene.
4.7 MECHANISM OF PHQTODIMERISÄTION
An examination of the mechanism of the photo­
reaction will now be made. The term mechanism should 
be interpreted to mean the rearrangement of the po­
sitions of the nuclei and electrons which occurs 
between the completion of excimer formation and the 
formation of the dianthracene product. The reactant 
molecules will be considered to be in the excimer 
state and to have assumed an eclipsed sandwich con­
figuration with slight n orbital overlap. An exact 
representation of the rearrangement is only possible
by means of a detailed vibronic analysis of the reaction 
72 73 75intermediate. ' ' The vibrational modes which
are active in the rearrangement process are unknown.
No precise analysis of the mechanism may therefore 
be attempted, however several important features 
of the reaction intermediate may be understood by 
examining additional photoreaction results.
The reaction may be considered to occur by 
either of the two following mechanisms:
(i) A concerted 4 tt — 4tt addition in 
which the tt molecular orbitals 
simultaneously rearrange to give the 
product dianthracene.
(ii) A two step reaction in which one 
sigma bond is closed across a single
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FIGURE 28
Proposed diradical intermediate in photodimerisation
me so position and which results in 
the formation of a diradical inter­
mediate (see Figure 28)
In the light of the apparent ease of photoreaction
observed for the molecular pairs after having achieved
the eclipsed sandwich configuration it is possible to
assume that the theoretical predictions arising from
96application of the Woodward-Hoffmann rules are 
correct(notwithstanding the occurrence of Born- 
Oppenheimer breakdown).
Unfortunately both the mechanisms proposed by 
consideration of the orbital symmetry predict the 
reaction to be a l l o w e d ^ '^  and distinguishing be­
tween them experimentally is very difficult. The
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initial proposition of the two step reaction involving
3a biradical intermediate was made by Kaupp, by analogy
with the mechanism of addition of electron deficient
79alkenes to anthracene, and the addition of cyclo-
8 0pentadiene to anthracene. The observations of Kaupp
81 8 2have been confirmed and extended by other workers '
for related reaction systems. The former reaction
was found to be a 2tt — 4tt addition which was shown to
involve a diradical intermediate by analysis of the
geometries of the products. Further experimental
confirmation of the above mechanism was found by
noting that for the reaction examined, the sum of
the quantum yields of the forward and reverse reactions
7 8 9 7was less than unity. 1 This condition has not
been confirmed by the observations made in this la­
boratory. The postulation of a diradical intermedi­
ate is feasible for the ethylene addition reaction 
because the exciplex intermediate which may be formed 
prior to photoreaction does not require a strict 
alignment of the ethylene along the 9 and 10 positions
of the anthracene in order to be stabilised by charge
6 9 7 5transfer interaction. ' The relative freedom of
the movement of the ethylene group in the exciplex 
will thus increase the probability that one a bond 
will be formed at the meso position of the anthracene 
at a moment in time when the other reactive carbon
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atom of the ethylene group may not be situated in a
position conducive to closure of the second a bond.
8 0The addition of cyclopentadiene to anthracene was
found to occur by either a 47T-4TT or a 2tt — 4 tt addition
reaction with a common diradical intermediate. These
experiments were used as additional evidence of the
existence of a two step reaction pathway. However the
greater yield obtained for the 4iT-47r(a product ratio
7:5) product suggests that the configuration of the
cyclopentadiene and anthracene molecules was more
rigorously fixed in an orientation which maximised
charge transfer stabilisation in the precursor ex-
ciplex. In such a configuration the formation of the
second a bond will occur with greater facility.
Kaupp employed the same experimental techniques for
the anthracene system and deduced the presence of a
diradical intermediate in the formation of the di-
79anthracene molecule. (Figure 28) Whilst the pos­
sibility of the delocalisation of the unpaired elec­
trons into the adjacent it molecular orbitals will 
undoubtedly stabilise such an intermediate, several 
factors will make its existence improbable. The 
formation of an excimer between two identical anthra­
cene molecules requires the adoption of specific 
geometries, because the increased contribution of
the excitation resonance to the excimer stabilisation
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requires the maximisation of it molecular orbital 
overlap. If the molecules comprising the excimer are 
in a configuration in which it is possible for a 
sigma bond to be formed across one of the meso po­
sitions then the remaining meso carbon atoms will 
also be in a topochemically highly reactive geometry.
We may also note that the overlap of u orbitals at 
the 9 and 9' and 10 and 10' positions will be sig­
nificant in molecular pairs constrained by a dimer
8 3matrix. As was pointed out by Salem, significant 
overlap of the one electron orbitals leads to the 
collapse of that diradical, and the formation of a 
a bond. For this reason we must assume the reaction 
mechanism will be by means of a concerted 4tt — 4tt 
addition. The result that the sum of the quantum 
yields of the dimerisation and cleavage were less than 
unity, which was obtained by Kaupp for the photore­
action of 9f10, 9,' 10' anthracenophane , therefore ap­
pears to be in error. This supposition is supported
59by recent work of Morita which suggests that the 
quantum yield of dimerisation of the latter derivative 
may approach unity at 4.2K. These results are at 
variance with those of Kaupp, and therefore support 
the conclusion that the photoreaction proceeds in 
a concerted manner.
It is plausible that even in solution the rigorous
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requirements of geometry for excimer stabilisation,
will make the presence of a diradical intermediate
unlikely, unless the steric hindrance prevents the
immediate closure of the o bond.
The solution dimerisation of 9 phenylanthracene
84is enhanced by the presence of dienes and isop- 
8 5ropyl ether. The kinetic evidence for the diene
catalysed dimerisation shows that the excimer is the 
reactive intermediate. The sensitization by piper- 
ylene and other dienes of the photodimerisation
8 4of other anthracene derivatives was also noted.
The key step of the phenylanthracene photoreaction 
has been found to obey the equation
p X(A • A ) + P -> A 2 + P
where P is piperylene and
0 X(A*A) is the anthracene derivative 
The mode of formation of the product is apparently 
a sensitive function of ionisation potentials, elec­
tron affinities, geometry and energy levels of the
electronic states of the molecules present in so- 
9 8 81lution. Yang and Libman and Saltiel and Town-
99send have proposed that the formation of an exci- 
plex is favoured over the formation of an excimer 
in solutions of certain anthracene derivatives and 
dienes. The equation below is the key step of that
reaction.
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1A + Q -> 1 (AQ)
(AQ) + A -* A ^ + Q 
where Q is the diene.
The effect of the sensitizing diene upon the 
dimerisation rate may give some insight into the mech­
anism of the photodimerisation process. The obser-
98vation of a triple complex made by Beens and Weller
suggests that the piperylene sensitized photoreaction
8 4of phenylanthracene, in addition to other diene sen­
sitized anthracene dimerisations in solution, may 
also involve a transient triple complex. The results 
of Beens and Weller show that the triple complex 
which results from the mixing of napthalene and 1,4 
dicyanobenzene in solution has the form
N . . .N+ . . .D_ 
where N is napthalene
D is dicyanobenzene.
The formation of a similar but transient com­
plex in anthracene dimerisation reactions suggests 
two plausible pathways for the photoreaction process. 
These are:
(i) A quantum mechanically derived 
reduction of the barriers to photo- 
dimerisation resulting from the ter- 
molecular encounter.
(ii) A geometry change which en­
hances the probability of reaction.
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The precise nature of the "quantum mechanically de­
rived reduction in barriers" is not expected to be 
known, but should be experimentally distinguishable 
from the second proposition. The increase in the 
charge transfer character of the anthracene excimer 
of the trimolecular wavefunction may enhance internal 
conversion to the dianthracene product or simply re­
duce the difficulty of bond rearrangement.
The second proposition arises because the in­
duced electrostatic attraction of the anthracene
moieties arising from the formation of the N+D~ por­
tion of the complex will cause a decrease in inter-
planar separation of the excimer
6+ 6-  +  -  A . . . A . . . Q
The decrease in separation may bring the mole­
cules into a configuration which is more favourable 
to photodimerisation.
The experimental evidence indicates that pro­
cess (ii) will increase the probability of dimerisa- 
tion. The dimerisation of any of the derivatives of 
anthracene in this work has been shown to be primarily 
a function of the topochemistry of the pair, rather 
than the electronic properties of the particular 
derivative involved. In addition the increased rate
of photodimerisation of phenylanthracene in the
85presence of isopropyl ether suggests that the oxy-
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gen atom of the ether molecule may polarise the c o m ­
plex  suf ficiently to increase the p h o t o r e a c t i o n  rate 
by red uc ing the interplanar separation of the pair.
No detailed consid e r a t i o n  has been given as yet 
to the diant h r a c e n e  ph o t o c l e a v a g e  photoreaction.
A brief dis c u s s i o n  of the possible modes of reaction 
may be appr opriate at this point. The paucity of 
data c o n c erning the diant h r a c e n e  excited state is 
the pr im ary cause of the d i f f iculties e n c o untered in 
a n a ly si ng this reaction process, and of the absence 
of any precise c h a r a c t e r i s a t i o n  of the reaction.
The lifetime of the dimer excited state is short(<10ns) 
and the fluorescence from that state significantly  
over lap s absorption.
A broad cl a s s i f i c a t i o n  of the p h o t o r e a c t i o n  into
one of the three p h o t o r e a c t i o n  classes defined by
Forster (see Section 4.2) is desirable. Menter and 
7 6Fors ter  have examined the ph o t o c l e a v a g e  of bis 
(9 m e t h y l a n t h r a c e n e ) in solution and have determined 
that the primary pathway of p h o t o c l e a v a g e  is not a- 
diabatic. The latter conc l u s i o n  has been confirmed 
for the solid dimer matrix in this laboratory. No 
mo no me r or excimer fluorescence has been observed 
from dimer crystals subjected to photoexcitation.
We may therefore conclude that cleavage occurs by
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either a Forster type I or type III reaction pathway.
In this work it has been previously shown, that 
if the excimer attains an eclipsed sandwich configu­
ration then the product will be formed with a unit 
quantum yield within a period of the order of one 
nanosecond. If the photocleavage occurs in a Forster 
type III reaction (see Figure 24) then the eclipsed 
excimer will be formed in quantity and immediate 
reversion to the dianthracene may be expected.
It is therefore necessary to assume that the photo­
cleavage of anthracene dimers is a type I reaction. In 
type I reactions the molecule is excited by irradia­
tion with light, and subsequently undergoes internal 
conversion to give a highly vibrationally excited 
ground state reactant, which undergoes normal thermal 
reaction(see Figure 24). The short lifetime of the 
excited state of the photodimer suggests that the in­
ternal conversion process would not be capable of 
effectively competing with the radiative emission 
process. If however, the self absorption of the ex­
citation energy by the photodimer is considered the 
excited state lifetime may be increased sufficiently 
by migration effects to permit the occurrence of 
significant direct internal conversion to the ground 
state surface .
The strict distinction between type I and type 
II reactions may also become difficult to maintain
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FIGURE 29
Potential energy diagram for photocleavage reaction 
V is potential energy, 0 ^ is the reaction coordinate
for the photocleavage reaction. The relaxation of 
the excited dianthracene to the excimer state by 
movement along the steep potential gradient of the 
excited state surface (see Figure 29) does not re­
quire a considerable rearrangement. The excimer formed 
from this rearrangement would be highly vibrationally 
excited, and may undergo internal conversion to have
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the option of cleaving or rephotodimerising on the 
ground state surface. It therefore seems plausible 
that the photocleavage of anthracene may not be 
classified unambiguously using Forster's scheme.
In conclusion it may be stated that a precise 
description of the mode of bond rearrangement which 
occurs on crossing from the upper to lower potential 
surfaces in the dimerisation reactions has not been 
possible. However the photodimerisation of anthra­
cene and its derivatives has been found to be highly 
dependent on the geometry of the molecular pair. The 
excimer state is certainly an intermediate in the 
photoreaction, but apparently is only effective 
in its role of promoting a topochemically favourable 
geometry. The photoreaction which occurs after the 
eclipsed sandwich configuration is achieved is most 
probably a concerted one step reaction, rather than 
a two step reaction involving a diradical inter­
mediate .
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CHAPTER FIVE 
EXPERIMENTAL TECHNIQUES
In this chapter the experimental techniques 
employed in the determination of the reaction rates 
of the molecular pairs by fluorescence, fluorescence 
excitation and absorption measurements are discussed. 
A description of the design of non-standard equipment 
is also presented.
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5.1 KINETIC METHODS
The methods employed in the determination of 
the rate of photodimerisation and the various molec­
ular constants were similar to those of Ferguson 
2 4and Mau. The method will be briefly reiterated
here, in addition to some modifications required for
experiments which were carried out under slightly
different conditions. The results of Ferguson and 
24Mau were employed for the determination of the 
quantum yields of fluorescence at 6K and the quantum 
yields of photodimerisation at room temperature 
of the derivative anthracene pairs.
The reactions which need to be considered 
for the dimerisation process are as stated previously,
*A • A + hv ----->- A • A
(A-A)* k l (A • A ) 6 X
(a -a )ex k 2 
k _
-> A2 - AH 5
(A • A ) 6 X 3 A • A + hv 5.1
where
A •A represents the ground state sandwich pair
*A •A represents an excited dimer
0 X(A •A ) represents the excimer state
A 2 represents the product dianthracene 
The rate constants k^, and k^ are "unimolecular"
reaction constants. All other processes such as 
internal conversion of the excimer to the ground 
state or intersystem crossing are neglected because 
the sum of the quantum yields of fluorescence and
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p h o t o d i m e r i s a t i o n  have been found to be unity over 
the entire temp erature range studied. The generated 
pairs were found to be stable to recomb i n a t i o n  to 
the c o r r e s p o n d i n g  dimer at temp eratures up to 360K 
over a pe riod of several days. The rate constant 
of the reverse of the anthracene dime r i s a t i o n  is 
th ere for e assumed to approach zero.
For the heat acti vated d i m e r i s a t i o n  process the
A r r h en iu s equation is used.
, , ° , AH
k 2 = k2 exp (-£7> 5 . 2
By then employing the relations
f k 2+ k 3
and $ ^ =   ——PD k 2+k 3 5.3
we may obtain by s u b s t i t u t i o n  the following equations.
1 1 ) k 2 AH
4 f ' 
1
= In
*3
k
RT 5.4
$ PD
- 1) = In 3
k °2 ‘
A h
RT 5.5
5 . 1 . a TYPE A PAIR QU A N T U M  YIELD DETER M I N A T I O N
The quantum yield of p h o t o d i m e r i s a t i o n  of the type 
A dimers of m e t h y l a n t h r a c e n e , c h l o r o a n t h r a c e n e , cyano- 
anthr ac en e and APA at room t emperature were det e r m i n e d  
by co mp ar ing the per c e n t a g e  reduction of the relevant 
pair abs orptions with the p e r c entage reduction of 
a nt hr ac en e type A pair absorption optical densities  
after irr adiation of the resp ective pairs with c o n ­
stant w a v e l e n g t h  and intensity p h o t o d i m e r i s i n g  light 
for identical periods of time. In all cases the o p ­
tical den sity of the a b s o rptions of each of the pairs
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was kept above a limiting value of 1.4 during the ex­
periment to ensure that more than 99% of the incident 
light was absorbed. After irradiation for equal 
periods of time it was found for each of the derivative 
pairs examined, that the percentage reaction was iden­
tical from 4.2K to 300K, to the percentage reaction 
for anthracene type A pairs at room temperature.
It was thus possible to conclude that the quantum
yields of dimerisation for all of these derivative
pairs were unity. Attempts to detect excimer fluorescence
from all these pairs were unsuccessful between 2.2K
and 300K. The unit quantum yields determined for the
dimerisation of these pairs implies a zero activation
energy.
The 9 phenylanthracene pairs were found to ex­
hibit similar properties to those of anthracene 
type A pairs. At 4.2K excimer fluorescence was ob­
served and photoreaction was completely quenched.
The excimer fluorescence was found to decrease as 
the crystal was warmed to 380K, at which temperature 
the emission was no longer detectable. Comparison 
of the anthracene type A pair percentage reaction 
at room temperature with the phenylanthracene per­
centage reaction at 380K after irradiation at constant 
intensity for identical periods of time showed that 
the quantum yield of dimerisation of phenylanthra­
cene was not as great as that of anthracene - .95).
The difference may have resulted from the thermal
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decomposition of some phenylanthracene dimers at 
the elevated temperature.
The method employed for obtaining the quantum 
yield of fluorescence for phenylanthracene pairs 
is identical to that used for all those pairs which 
exhibited excimer fluorescence. The intensity of 
excimer fluorescence arising from excitation of pre­
viously generated pairs was monitored as a function 
of temperature between 6K and that temperature at 
which it was no longer possible to detect the fluo­
rescence. By normalising the values of the fluorescence 
intensity obtained at different temperatures to the 
intensity value at 4.2K($^ = 1) it was possible to 
determine the quantum yields of fluorescence at the 
intermediate temperatures. This technique permits 
the determination of the quantum yields of fluorescence 
at many temperatures with sufficient speed to ensure 
that very little photodimerisation of the pairs 
being subjected to study will occur. For this reason 
this technique was found to be the best for the ex­
amination of those type B pairs which are unstable 
at temperatures above 60-100K.
The assessment of the quantum yield of photo- 
dimerisation was made by monitoring the decrease 
occurring in the absorption optical density of the 
pairs after irradiating with photodimerising light 
of constant wavelength and intensity. This tech­
nique is less accurate than the fluorescence tech­
nique because it is necessary to remove the sample
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after each set of irradiations at a particular 
temperature, and re-photocleave the photodimers in 
preparation for the assessment of the quantum yield 
at a different temperature.
The results for the photodimerisation of 
phenylanthracene are presented in Figure 30.
It may be noted from Figure 30 that the results 
from the absorption experiment show greater deviation 
from linearity than the fluorescence results. This 
increased error may be attributed to the necessity 
of removing the sample and re-irradiating with photo­
cleaving light after each temperature run. The acti­
vation energy was extracted from the plot in Figure 
30 by means of Equations 5.4 and 5.5.
5.1.b TYPE B PAIR QUANTUM YIELD DETERMINATION 
The determination of the quantum yields of 
fluorescence as a function of temperature was car­
ried out by the same method as that employed for the 
phenylanthracene pairs. The assessment was complicated 
by the fact that all the pairs were unstable at tem­
peratures above -60-130K. The speed with which the 
technique may be employed permitted the performance of 
experiments with a high degree of reproducibility.
The determination of the quantum yields of photo- 
dimerisation presented some problems:
(i) The concentration of type B pairs 
could not be made sufficiently great
to ensure an optical density in absorption
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FICURE 30
Arrhenius Plots of Equations 5.4 and 5.5 for Phenylanthracene
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which would absorb virtually all the 
incident photodimerising light. Thus 
as the reaction proceeded the percentage 
of light absorbed varied with the optical 
density of the pairs.
(ii) The pairs are not stable at elevated 
temperatures. The determination of the 
quantum yield at a particular temperature 
requires the monitoring of variation in 
the optical density after irradiation, 
with constant intensity dimerising light 
for a fixed period of time over several 
periods. Thus the total time taken to 
perform the successive irradiations at 
a particular temperature usually exceeded 
the time taken for the thermal relaxation 
of the type B pairs.
In order to overcome the second problem the in­
tensity of photodimerising light used was increased 
to shorten the irradiation times and the experiments 
performed quickly.
The first problem of variation of absorption of 
incident light with the degree of photoreaction was 
overcome by developing an analytic technique which 
allowed a correction factor to be inserted. This 
technique was also employed in the determination of 
quantum yields of dimerisation in monomer crystals 
which are difficult to obtain at optical densities 
conducive to spectroscopic analysis.
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Using the u n i m o lecular reaction Equation 5.1 
and as su mi ng the c o n c e n t r a t i o n  of any intermediates 
to be small the steady state appro x i m a t i o n  may be 
invoked - thus:
d A » Ä 
dt
*
0 = N - k A*A
d (A » A )eX 
d t 0 = k ^ A •A* k 2 (A-A)6X - k 3 (A*A)eX
5 .6
5 .7
where N is the number of dimerising photons absorbed
*per unit time (per unit area) and A •A , (A •A ) ...etc.
rep re se nt  the conce n t r a t i o n  of the various species (see 
Eq ua ti on  5.1) and t is time
-d A •A , exnow — —-—  = k A • Ad t 2 5.8
S u b s tituting from Equations 5.6 and 5.7 into
Equation 5.8 and r e a r ranging and integrating 
k „
/ -dA • A
k 2 + k 3 5.9
where t represents the period of irradiation with 
co ns ta nt  intensity and wavelength dimerising light.
The value of N is a function of the c o n c e ntration  
of the ground state pairs. We may directly relate the 
c o n c e nt ra tion of the ground state pairs to their optical 
dens ity  using the Beer- L a m b e r t  Law. Because the same 
crystal is employed for each kinetic run, the path- 
length (1) and the e x t i nction coef ficient are also 
constant. We will therefore not be concerned with 
these par ameters directly, and express them as a
constant. We may now express the number of photons
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absorbed as a function of optical density
N = B ( 1 - 1 0 D) 5.10
where optical density of A •A = D = g (A •A ) where g 
is a constant and B is a constant and a function of 
wavelength and intensity of incident photodimerising 
light.
Substituting Equation 5.10 into Equation 5.9, 
changing the variables of integration and integrating 
with respect to optical density of A*A absorption 
we obtain:
1 DD + ln(1 - 10 °) I ° = F$ D t 5.11
where F is a constant incorporating intensity and 
wavelength of photodimerising light and an equipment 
constant, and
k 2$ -  ---- ±--PD from Equation 5.3.
Thus Equation 5.11 contains a correction factor 
which permits the spectroscopic examination of the 
dimerisation of pairs with low absorption optical 
densities. It may be seen that when the optical 
density is large the correction factor becomes 
vanishingly small.
Determination of the values of F4^ was made
by plotting the corrected optical density versus
irradiation time. The values of F$> _ obtained atPD
various temperatures were then normalised to one, 
and using Equation 5.5 it was possible to determine 
AH .
The only compound for which reproducible re­
sults were obtained by this method was chloroanthra-
IM) 5
lnl* 0' ,)
ln(V'>
Upper G r a p h ;Arrhenius Plots of.Equations 5.4 and 5.5 for 
C h l o r o a n t h r a c e n e  Type B Pairs.
Lower Graphs: Arrhenius Plots of Equation 5.4 for Methyl
anthracene and A nthracene Type B Pairs, Respectively
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cene. The chloroanthracene type B pairs relax more 
slowly than the other type B pairs at elevated tem­
peratures, and presumably this factor permitted the 
collection of reproducible results for this compound. 
The plots of Equations 5.4 and 5.5 are set out in 
Figure 31.
It was only possible to obtain reproducible 
results using the fluorescence technique for the 
determination of AH for the type B pairs of anthra­
cene and methylanthracene. These are set out in 
Figure 31.
The values of the activation energies arrived 
at from the equations have been previously presented, 
(see Table 12) The phenylanthracene and chloroanthra­
cene values quoted are the mean of the values obtained 
by the two methods. The reaction was found to be too 
slow to monitor effectively by absorption for chloro­
anthracene type B pairs in the region where the 
fluorescence plot shows a variation in gradient 
(T = 4.2 - 13 OK) .
5.2 EXPERIMENTAL TECHNIQUES
In this section the techniques used to grow 
crystals from the vapour and liquid phases are 
briefly described. The apparatus employed for 
spectroscopic analysis is also presented, as well as 
any novel equipment designs or configurations.
5.2.a CRYSTAL PREPARATION 
(i) Monomer Crystals
The absorption of anthracene and its derivatives
in the region 300nm 400nm is strong in monomer crystals,
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and in order to be suitable for experimental analysis 
their absorption maxima should not exceed 2.0 optical 
density. Crystals grown from the vapour phase were 
found to be sufficiently thin (1-2 microns100) to be 
used for analysis. They also contain fewer defects 
than the corresponding solution grown samples.
Depending on the particular compound used, 
monomer crystals were grown at different temperatures 
and gas pressures. For crystal growth at temperatures 
less than 40°C above room temperature and atmospheric 
pressure, no attempt was made to exclude oxygen. In 
the growth of monomer crystals at low pressures the 
tubes containing monomer were first evacuated to 
0-.5mmHg and then nitrogen gas introduced to the 
desired pressure(usually -20mmHg).
Anthracene, 9 me thylanthracene and 9 cyanoan- 
thracene are the only derivatives for which com­
plete monomer crystal structure analyses have been 
performed. Accordingly the crystals of
all derivatives were aligned along their extinction 
directions in order to perform the spectral analyses.
It was assumed that the well developed faces of the
flakes were lying in the plane of the two shortest
4 3axes of the unit cell.
(ii) Dimer Crystals
Dimer crystals were obtained by slow recrystal- 
ization from various solvents. The dimers were found 
to be unstable and would dissociate into their respec-
208
tive monomers if the temperature was not carefully 
controlled during the recrystallization process.
As a result monomer impurities were nearly always 
present in low concentrations in the dimer host.
By controlled photolysis specific concentrations 
of monomer pairs could be generated in the dimer, 
and accordingly crystals of a specific thickness 
were not required.
Table 13 shows the available crystallization 
and structural data for the dimers investigated. Com­
pounds known to have more than one crystal form are 
marked. With the exception of anthracene none of the 
dimers which have been studied in this work have 
been subjected to a detailed X-ray structural 
analysis.
It was found for some compounds that the solvent 
of recrystallization (e.g benzene in bis (9 cyano- 
anthracene)) was incorporated into the dimer crystal. 
The presence of included solvent in the crystal bulk 
permitted uncharacteristic rearrangements of sand­
wich pairs. Solvent-dimer combinations which gave 
rise to crystals which were prone to inclusion were 
detected by subjecting the separated crystals to 
dessicating conditions for several days. Crystals 
which had deteriorated visibly after this period 
were discarded and a different solvent was tested.
5.2.b TEMPERATURE CONTROL
Temperature control was achieved by passing
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cold helium or nitrogen gas over the samples which 
were mounted in a silica flow tube. The cooled 
gases were produced by heating their respective 
liquid phases with wire wound resistors, across 
which a variable potential was maintained. (Liquid 
helium 12V maximum: liquid nitrogen 40V maximum.)
A larger voltage across the resistor causes a faster 
boil off, and the sample is cooled to lower tempera­
tures .
When temperatures above 150K were required it 
was found that as voltage across the resistor was 
decreased the boil off rate of the liquified gas became 
intermittant. In order to circumvent the difficulty 
of the temperature fluctuations arising from the inter- 
mittant boil off rate, a coiled nichrome wire was placed 
in the flow tube below the sample. The resistor vol­
tage was then increased until stable boil off was 
achieved and the gas approaching the sample was heated 
to the desired temperature by applying a potential 
across the nichrome winding. Temperature control to 
±1K over the range 5K - 300K, with stability over per­
iods of several minutes was achieved.
The temperature was monitored in the flow tube 
using a carbon resistor with known temperature depen­
dence properties (range 2K - 35K); and using a copper- 
constantan thermocouple referenced with ice (range 35K- 
300K ) . However it was found that a gold-chromel (.3%
2 12
Fe) thermocouple referenced with liquid nitrogen was suf­
ficiently accurate over the entire temperature range of 
interest to replace the abovementioned probes.
5.2.C ELECTRONIC ABSORPTION SPECTRA
All absorption measurements were conducted on a 
Cary 17 spectrometer or a 0.85m Spex double monochro­
mator fitted with a double beam absorption attachment
made in this laboratory. Both instruments were fitted
10 3with microscope optics in the sample compartment.
The microscope optics permitted the measurement of optical
density of crystals with surface cross sections as small 
2as -.04(mm) . A 150W Vanian Xenon illuminator was used 
with the Spex absorption apparatus.
5 . 2 . d FLUORESCENCE SPECTRA
Fluorescence emissions were analysed using either 
a 0.75m Spex monochromator or a 0.85 m Spex double mono­
chromator. The exciting light for the 0.75m Spex unit was 
supplied by a 150W Varian Xenon Illuminator and dispersed 
through a Carl-Zeiss MM 12 double prism monochromator.
Exciting light for the Spex 1402 unit was supplied 
by a Molectron UV 1000 laser in combination with an MDL 
200 dye laser. Fluorescence excitation spectra were 
measured using the Spex double monochromator. Fluo­
rescence emission was then detected with an EMI FW 130 
photomultiplier with appropriate cut-off and interference
filters interposed.
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5.2.e LIGHT SOURCES USED FOR PHOTOREACTION
Several sources were used for the initiation of 
photoreaction. Light of low intensity used for slow 
photoreactions was supplied by a 500W Xenon lamp and 
dispersed through a Bausch and Lomb high intensity mono­
chromator ( 260 - 410nm). Because many samples were un­
stable at room temperature the apparatus was arranged 
so that cooled crystals in the Cary 17 could be irradi­
ated without being removed. The UV 1000 laser and MDL 
dye laser used either alone or in conjunction with a 
frequency doubler, supplied high intensity light in the 
region - 260nm - 470nm. A low pressure mercury vapour 
lamp was frequently used as a source of high intensity 
253.7nm light and medium intensity 365nm light.
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APPENDIX I 
MONOMER CRYSTALS
Considerable attention has been given in recent
years to the determination of those factors which govern
the photodimerisation of anthracene derivatives in their
. 33,104 ,105,106respective monomer crystals. However
very little work has been directed towards the quant­
itative determination of the rate of photodimerisation 
of these systems with the object of clarifying the 
mechanism of the photoreaction. The objective in con­
ducting the set of experiments reported here was to
evaluate using the recently developed techniques of
2 4Ferguson and Mau : the quantum yields of photoreaction;
the energies of activation; excimer lifetimes, etc. of
the photoreaction process. The information thus obtained
may be expected to yield some insight into the mechanism
of photoreaction when used in conjunction with the
4 3abundant crystal structure data.
The initial task was to select those monomer crystal
systems which were best suited to the analytic techniques
which were to be employed. For the purposes of the
analysis of photoreactions, anthracene derivatives may
107be broadly classified into two classes. These are:
A Type- anthracene moieties typically ex­
hibit spectra indicative of weak
coupling. The fluorescence spectra
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display a shift to the red relative
to the solution monomer fluorescence
by about 100-200 cm Derivatives
with this structure are generally
photochemically unreactive, e.g.
101,102anthracene.
B Type- The anthracene moieties in these
crystals overlap sufficiently to
give rise to excimeric fluorescence
shifted -5000cm  ^ to the red from
the solution monomer fluorescence.
This type of crystal may be divided
into two sub-classes:
B molecules arranged in centric
pairs closely spaced ( - 4A° ) , e.g.
5 49 methylanthracene.
B2 molecules arranged in overlapping 
stacks,e.g. 9 cyanoanthracene.^
Many qualitative examinations of the occurrence of 
photoreaction and excimer fluorescence have been made for
anthracene derivatives in monomer single crystals, in
 ^  ^ . 43,108-113 ^ ,solution and in KBr matrices. Only those
derivatives which crystallized in the class B were con­
sidered for the experiments which were to be conducted.
A brief examination of the photoreactivity of 
crystals of the parent anthracene was made in order to 
ascertain the accuracy of the techniques employed for
a molecular system which has been well characterised. 114
2 16
The results obtained are in agreement with those which 
were a n t i c ipated on the basis of previously collected 
data. The p h o t o r e a c t i o n  is quenched below -200K, and 
occurs very slowly at room temperature. At temperatures  
above room t emperature the reaction proceeds more quickly. 
The results are cons istent with the low p h o t o r e a c t i v i t y 
which is expected of type A crystals.
Vapou r grown crystals were used for the above m e n ­
tioned study as well as the e x a m i nation of the other 
monomer crystal derivatives. Relative to solution 
or melt grown crystals, vapour grown crystals contain 
fewer defects. The vapour grown crystals may be easily 
obtain ed with a thickness of the order of 1 micron, 
suf fi ci en tly small to permit accurate spectr oscopic 
a n a l ys is (O D < - 1.8, see section 5.2) .
The deri vatives employed in the experiments all 
exhibit excimer fluorescence and undergo p h otodimerisa-  
tion. The d e r i vatives include: 9 m e t h y l a n t h r a c e n e ;
9 c h l o r o a n t h r a c e n e ; 9 m e t h y 1anthroate and 9 isopropyl-
anthroate. Of these derivatives only 9 m e t h y l a n t h r a c e n e  
and 9 c h l o r o a n t h r a c e n e  were subjected to close scrutiny 
in order to determine the rate of photoreaction. The 
e x a m i na ti on  of the reaction rate of the chloro derivative 
was c o m p li cated by the p o s s i b i l i t y  of the occurrence 
of two mono mer crystal modifi cations. Because crystal 
mo rp ho lo gy  was found to be an unreliable indicator 
the se lec tion of which m o d i f i c a t i o n  of the chloroanthracene
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monomer crystals was centric was made by simply 
observing the relative ease of photoreaction of 
any particular crystal selected at random.
The attempt to obtain reproducible results for the 
rate of photoreaction of the methylanthracene and chloro- 
anthracene monomer crystals was unsuccessful. The methyl- 
anthracene was by far the most exhaustively studied of 
the two derivatives and accordingly is the object of 
the major portion of the following discussion. The photo­
reaction was found to be completely quenched at tempera­
tures below -120K (-120 - 140K for chloro) and increased
steadily in rate of reaction as the temperature was 
raised.
This observation concerning the temperature depen­
dence of the reaction rate may be anticipated by making
an examination of the crystal structure of methylan- 
5 4thracene . The methy1anthracene molecules in the monomer
crystal are arranged in centric pairs which are trans­
lated slightly away from the eclipsed sandwich configu- 
5 4ration. The observed photoreactive behaviour of the
monomer crystal and the type B pairs embedded in the 
dimer crystal supports our previous suggestion that the 
latter are monomer like aggregates. Typically the reaction 
at a specific temperature initially exhibits an induc­
tion in which the photoreaction proceeds extremely 
3 3slowly. This period is followed by an interval in
which the percentage of reactant consumed is proportional 
to the irradiation time. A final period occurs in which
2 18
the re act ion rate decreases as a result of the depletion 
of re ac ta nt monomer. The crystals generally showed 
signs of physical de t e r i o r a t i o n  after only 10% p h o t o ­
rea ct io n had occurred. C o n s i d e r a t i o n  of the difference
3 3b e tw ee n the volume of the dian t h r a c e n e  molecule and
an u n e x c i t e d  anthracene pair indicates that the reaction 
p r o d u c t  will be d isruptive to the monomer matrix because 
of its greater size. Figure 32 shows the spectrum of 
c r y s t a l l i n e  m e t h y l a n t h r a c e n e  after successive periods 
of i rr ad ia tion with 379nm light.
The reverse or p h o t o c l e a v a g e  reaction of the p h o t o ­
dimer pr oduct could be initiated by -280nm light, a l ­
though it was never possible  to regenerate the initial 
c o n c e n t r a t i o n  of monomer present in the unirradiated  
crystal. The presence of isosbestic points in the ab­
sor pt io n s p e c t r u m (F i g u r e 32 ) suggests that in the r e a c ­
tion process the dimer and monomer are the species which 
are p r es ent in s i g n ificant concentrations. As a result 
of the d e t e r i o r a t i o n  of a crystal after each quantum 
yield d e t e r m i n a t i o n  at a part i c u l a r  temperature it was 
ne ce ss ar y to use a new crystal for each successive d e ­
termina tion. However the quantum yield deter m i n a t i o n  
was found not to be r e p r o ducible from crystal to crystal 
for any given temperature. It was therefore concluded 
that even in vapour grown crystals, the p h o t o reaction 
rate is c ontrolled by defect. It is not suggested that 
the rea ct ion will not occur in the absence of defect
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sites, but that the reactions which are most facile
will be those which occur at defect sites where the
topochemistry is most favourable. Observation of the
methylanthracene and chloroanthracene vapour grown
crystals under a fluorescence exciting microscope
showed no localized sites of intense emission of light
(or absorption), but instead a uniform distribution of
intensity of emitted light. Thus the defects which
initiate photoreaction are apparently small and evenly
dispersed throughout the crystal. This observation
contrasts sharply with the well characterised excimer
3 3emission which is observed in cyanoanthracene. 
Cyanoanthracene is a type B c r y s t a l  in which the mole­
cules are arranged in overlapping stacks and photoreaction 
occurs at defect sites in the crystal where a head to 
tail molecular contact geometry is possible. Excimer 
emission has been noted at the latter sites, and is 
presumably the result of excitation energy migration 
to these sites which act as energy traps.
Observation of the monomer crystals under the 
microscope during irradiation showed that the crystal 
deterioration originates as points in the crystal, which 
then increase in size and eventually form rows parallel 
to one of the crystal extinction directions. Defects 
must therefore be assumed to be operative in the initi­
ation and propagation of the photoreaction. The dis­
ruption of the crystal caused by the dimerisation process
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at a particular defect site will propagate the defect, 
and energy trapping at that point will still be ef­
ficient, thereby increasing the probability of further 
photoreaction. The dimer aggregates which occur at 
defect sites will give rise to the possibility of the 
formation of dimer microcrystals which increase the 
disruption of the monomer matrix. The reaction may thus 
be said to be autocatalytic in the initial stages of 
the reaction (induetion period) . After the reaction has 
been initiated(at completion of induction period) the 
rate becomes dependent upon the number of photons ab­
sorbed by the crystal which are not then re-emitted as 
fluorescence. The rate of reaction is thus dependent 
on the intensity of the exciting light and the size of 
the energy barrier which hinders photodimerisation. 
However from crystal to crystal the location, size, 
number and type of defects present is variable. The 
distortion which is caused by the presence of these 
defects and which determines the size of the energy 
barrier to photoreaction, is therefore also variable. 
This leads to the observation of different reaction 
rates in different crystals, because of the variation 
in the ease of movement from the noneclipsed excimer
state to the photoreactive eclipsed state.
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APPENDIX II
LOCATION OF TYPE A AND TYPE B PAIRS IN PHOTODIMER MATRICES
The formation of the type A pairs embedded in the 
photodimer matrix results from the irradiation of the 
dimer crystal with light of wavelength -250 - 300nm at 
room temperature. The type B pairs are created by 
irradiating the dimer crystal at low temperature s (<7OK) 
with 254nm light from a low pressure mercury lamp.
In the light of the observed conditions of forma­
tion it might initially be concluded that the pair for­
mation occurs by migration of the excitation energy 
around the crystal until a defect site is encountered, 
which then acts as an energy trap and subsequently as 
a reaction site. However several experimental obser­
vations prevent the unambiguous verification of the 
latter proposition. The spectra of both the type A 
and type B pairs are reproducible from crystal to crystal, 
and have linewidths of the order of those observed for 
monomer absorptions in vapour grown crystals. It may 
be concluded that the sites at which the pairs are 
formed are identical in character and number from dimer 
crystal to dimer crystal. Irradiation of dimer crystals 
with 300nm photocleaving light produces type A pairs 
with spectra identical to those of pairs resulting 
from irradiation with 250nm light. The presence of 
energy traps which act as sites for photoreaction there­
fore appears improbable unless the time required for 
migration of electronic excitation energy to reactive
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sites is much smaller than the photoreaction time.
The photocleavage reaction occurs by either a type I 
or type III Forster photoreaction as discussed in section 
4.2. The short lifetime of the dianthracene excited 
state (t -10ns) and the vibrational relaxation associ­
ated with the above two types of photoreaction scheme 
suggest that energy migration to defect sites is not as 
rapid as photoreaction. This contention is supported 
by the results of the examination of the excimer fluor­
escence of phenylanthracene pairs embedded in the cor­
responding photodimer when examined under a high power 
fluorescene microscope. No localised excimeric fluor­
escence was observed from any crystals. In the light of 
this and the previous observations, it may be concluded 
that the pairs (type A) are created randomly throughout 
the crystal bulk or at the surface of the crystal.
The irradiation of first one side and then the other 
of the derivative dimer crystals under both the sets of 
photocleaving conditions specified at the beginning of 
this appendix, shows that the formation rate of type 
A pairs is not enhanced upon irradiation of the reverse 
side of the crystal whilst the formation rate of type 
B pairs increases significantly. It is therefore possible 
to conclude that the formation of type B pairs occurs 
near the surface of the crystal where the largest fraction 
of incident light is absorbed, and the formation of 
type A pairs does not appear to be localised at the
crystal surface.
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